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ABSTRACT 
Low energy solids are not generally wettable by higher energy 
liquids. After treatment by wetting hydrosols, these surfaces are 
rendered wettable and hydrous inetal oxides are adsorbed onto the 
.low energy surfaces. The objective of this thesis is to study the 
deposition of wetting hydrosols on low energy surfaces and to pro- 
pose" a model for the adsorption of hydrous metal oxides on low energy 
surfaces. 
The deposition of the metal oxides on low energy surfaces was 
studied by x-ray fluorescence, transmission electron photomicro- 
graphs and the thftrmodynainic property of the contact angle.  Contact 
angles were studied with a contact angle goniometer and the Dynamic 
Vertical Wetting Balance,  The Wetting Bal aiice was constructed to 
accurately control the position of the sample as it is immersed in 
the liquid of interest and to monitor the forces acting on the sample 
with a minimum of motion in the weighing mechanism.  The system 
developed was capable of controlling positions to within one thou- 
sandths of an inch with platform speeds ranging from 1/8 to 36 
Inches per minute and a full scale deflection for weight increments 
from 0.02 milligrams to one gram.  The accuracy of the system was 
determined to be better than 2 per cent when surface tensions of 
liquids were compared with those given in the literature. 
In the study it was determined that the wetting properties of 
1 
hydrosols depend on many variables such as the temperature of 
preparation, surface conditions dur'ng preparation, final pH of » 
the hydrosol, age of the hydrosol, the method of sample treat- 
ment; and the ambient conditions present when a sample is tested. 
An anomalous effect for the ec itact angle of water on a clean 
fluorocarbon surface was noted on the Dynamic Vertical Wetting 
Balance.  Tt was found that slope of force versus displacement 
curve was not what would be predicted by the buoyancy of the 
sample.  Several possible causes for this behavior were explored, 
but the anomaly was not resolved. 
A model is proposed which takes into account the observed 
contributions of immersion, agitation, and—surface effects to 
vetting. 
INTRODUCTION 
A hydrosol is a dispersion consisting of metal oxide colloids 
suspended in water. Colloids or colloidal particles are small 
-7        -5 particles in the approximate range of from 10  to 5 X 10 ^ cm in 
diameter which remain suspended in solution indefinitely.1 Many 
of the interesting properties of colloids result from their large 
surface area to volume ratio owing to their small size. A colloidal 
solution is the general category of solutions containing colloidal 
particles of which hydrosol is a specific category. In a colloid 
solution any liquid can be the solvent, while hydrosol refers to a 
solution in which water is the liquid. 
A wetting hydrosol can change a hydrophobic surface into a 
2 3 ' hydrophylic surfaoe. *  A hydrophobic surface is one which has 
a lack of affinity to water (e.g., polyethylene). For example, 
a small tube made of hydrophobic material containing water would 
have a convex meniscus. On the other hand, a hydrophylic surface 
is one which does have an affinity to water (e.g., glass); a 
tube made of this material would have a concave meniscus. If 
a wetting hydrosol causes a surface to be completely wet by water, 
the water will drain from the surfaee leaving a film rather than 
beading into drops. 
The surface tension of a liquid is a measure of the tendency 
for the liquid to bead into a drop. For a given surface and two 
liquids interacting with the surface in the same manner, the liquid 
3 
with the greater surface tension will have a larger contact angle. 
The contact angle is the angle a liquid drop forms with the surface 
of a solid at the point where the liquid and solid surfaces intersect. 
The larger the oontact angle the more the liquid beads into a drop. 
For a nonfinite contact angle the liquid wets the surface. The term 
nonfinite is used here instead of zero because there is some dis- 
4 
crepancy as to the meaning of measuring a zero contact angle. 
The surface energy of a solid is a measure of the extent to 
which the solid will interact with liquids and other solids. A 
surface can be wet by a liquid, if the surface energy of the solid 
is greater than the surface tension of the liquid. 
The term "low-energy surface" was originally applied to sur- 
faces of solids having specific surface free energies of less than 
100 ergs per square centimeter.-' Many liquids have finite contact 
angles on such surfaoes; and this behavior has frequently been used 
as a criterion for low-energy surfaces. Recently, with the use of 
this criterion to define low-energy surfaces, the most commonly 
studied low-energy surfaces have had finite contact angles with 
liquids having surface tensions of less than 40 dynes per centimeter. 
For this reason, in recent literature the term "low-energy" surface 
probably refers to a surface with a specific surface free energy of 
less than 40 ergs per square centimeter; while in older literature 
the term may be referring to surfaces with surface free energies of 
less than 100 ergs per square centimeter. 
4 
It has been observed that, when the wetting hydrosols are in 
contact with low-energy surfaces, some of the material from the 
2 3 
solution is deposited on the surface. '  In general, low-energy 
surfaces are not wet (the liquid beads into drops) by a liquid 
unless the surface tension of the liquid is less than the surface 
7 
energy of the solid involved.  After treatment by wetting hydro- 
sols, liquids with surface /tensions greater than the surface 
2 3 
energy of the low-energy surface are known to wet the surfaces. * 
This is due to the action of the material deposited on the surface. 
Low-energy surfaces treated by wetting solutions are known to 
2,3 
remain wettable even after they have been rinsed and dried. 
A surface not normally wettable by a given liquid can also be 
wet by the liquid through other mechanisms. One way of making a 
surface wettable is by chemically changing the. surface to one with 
a higher surface energy. Another mechanism is through the use of 
surface active agents which lower the surface tension of the liquid 
C    Q 
involved, allowing the 14quid to wet the surface.D*      A final method 
is through surface wrinkles which act as capillaries. This -method 
can only be used when the equilibrium contact angle of the liquid on 
the solid is less than ninety degrees. Spontaneous wicking occurs 
when the roughness coefficient is equal to the reciprocal of the 
cosine of the contact angle, 'r*        The roughness coefficient is the 
ratio of the true surfaoe area to the apparent surface area. 
The phenomenon of a high energy liquid depositing onto a low- 
energy solid and raising the surface energy of the solid appears 
5   ' 
7 11 
contrary to nature In which surfaces tend to low»r their energies.' *x 
Since this is an important step in metallizing plastics, it is 
worthwhile to understand the phenomenon of high-energy liquids 
depositing on low-energy solids. For this reason, the "Deposition 
of Wetting Hydrosols on Low-Energy Surfaces" is being studied. 
Techniques for studying the deposition of wetting hydrosols 
on low-energy surfaces as the deposition is proceeding are not 
available. Therefore, it becomes necessary to study either the 
depletion of the hydrosol or the material that has been deposited 
on the surface.- 
In the deposition process the amount of material deposited 
is on the order of micrograms per square centimeter. To study 
the removal of these small amounts (on the order of micrograms) 
of material from large volumes of solutions (on the order of liters) 
containing large ampunts of materials (on the order of grams) 
would be impractical. Either very large samples, a great number 
of samples, extremely sensitive techniques, or some combination 
of the aforementioned would have to be used to monitor the de- 
pletion of the solution. If this were done, little information 
about the surface, which is of principal, interest, would be gained. 
It was dedided, therefore, that this study would be concerned with 
the surface rather than the depletion of the solution. 
The surface can be studied directly by monitoring the amount 
of material that is^eposited on the surface by X-ray fluorescence. 
6 
The surface can also be studied indirectly by looking at changes 
in the mechanical, electrical, physical, optical, chemical, or 
thermodynamic properties. For this study, it was decided to look 
at deposition on the surface directly through quantitative measure- 
ments of the amount of material deposited on the surface, and in- 
directly by the quantitative measurements of the thermodynamic 
property of the contaot angle and the qualitative change in the 
physical property of morphology of the surface. The surface 
morphology was studied through the use of transmission electron 
microscope photomicrographs. 
The contact angle was chosen to study the surface because 
it is a measure of the degree of wetting a liquid exhibits toward 
a solid and wetting is the primary function of wetting hydrosols. 
The general techniques available to measure contact angles are 
the drop or bubble"method, the vertical rod method, tensiometric 
methods, horieontal liquid surface methods, and capillary methods. 
Most of these can be applied either statically or dynamically. In 
this study the drop method employing a contact angle goniometer 
was chosen for static contact angle measurements and a tensiometric 
method using a vertical wetting balance was chosen for dynamic 
studies. These techniques were chosen because of their accuracy, 
simplicity of operation, and ease of calibration* 
THEORY 
Forces 
A bulk material is held together by attractive forces among 
the atoms of the material. These forces come from a number of 
sources and combinations of sources. 
In the ionic bond an electron is transferred from one atom to 
another so that both atoms will exhibit complete outer electron 
shells. As a result, the atom that lost the electron becomes 
positively charged and the one that gained the electron becomes 
negatively charged. The charged ions then interact through 
coulombic forces. 
The covalent bond is another primary force of attraction. 
In covalent bonding atoms share electrons to obtain a complete 
valence shell. The covalent bond may be considered to be a bond 
of negatively charged electrons between the positively charged ions 
and once again coulombic forces hold the material together. 
The third and final primary attractive force is the metallic 
bond. In the .metallic bond an atom can be viewed as having only 
a few outer shell electrons that are easily removed. When the 
electrons are removed, a structure of positve ions surrounded by 
"free" electrons results, Coulombic attractive forces are provided 
by the interaction between the positive ions and the "free" electrons. 
Of course, these mechanisms have been simplified here and in 
real materials interactions are by combinations of these mechanisms 
along with the weaker secondary forces which also exist. These 
secondary forces are sometimes grouped as van der Waals forces 
8 
although numerous Piechanisms are involved. 
The secondary forces, like the primary forces, arise through 
the interaction of charges.  The rcost simple type of charge inter- 
action is the coulombic force which exists between two charged 
particles of opposite sign.  The force of attraction (F) acting 
between the particles is given by 
F ■ = —-. 1    v       (h   °>2 
^ 6 €0   X- £--<■— (1) r12 
where €   is the dielectric constant of free space,  £ is the —' 
relative dielectric constant, q* is the charge on one particle, 
q?  is the charge on  the other particle, and r-j^ is the distance 
between the particles. 
London dispersion forces are a type of eoulombic forces which 
Arise from a type of cooperative dipole formation.  These forces 
depend on the electrical properties of the volume elements involved 
and the distance between them.  Dispersion forces are independent of 
temperature.  By considering the interacting sj®terns as two spheri- 
cally syrjnetric, three—dimensional, isotropic oscillators, Eisenschitz 
and London found the total energy, E, arising from dispersion forces 
oO De 
~h  J   c 2 (2) 
S - 3h v0 - ^-- ^>v -°— 
.•ere h is FlarJc's constant, v   is the natural freauency of the 
?olated systems of electronic oscillators, aQ  is the polarizability 
of each oscillator and r is the distance between the oscillators. 
Doe  to the additive nature of dispersion forces they can act over 
13 (list"noes of hundreds of- Angstroms or more. 
Another secondary force contribution"is the Debye force. 
Debye forces are temperature independent, and come about because 
a dipole moment JJ.  produces an electric field in its vicinity 
'_ch induces dipoles into neighboring molecules in such a way as 
to produce an overall attractive energy.  For similar molecules 
mis energy is given by 
E = ,an X ,i?7r6 . (3) 
v;here       LI       is  the  a;!pole raoroont  and r is  the distance  of  separation, 
For tmo dissimilar molecules  the  oouai.ion becomes 
E
   
=
 " —jr < ai ^2   + °2 ai2 ) (z° ■ 
v?hi-re a and \x    refer to the polarizability and dipole moments of the 
subscripts'.  Cebve forces are present "whenever one or both of the 
interacting molecules carry a permanent dipole. 
L-:?oni forces arise from dipole-dipole interactions between 
an isolated pair of molecules having dipole moments  n     and I_L„ 
and are temperature dependent.  Statistical mechanics have shown 
"cr.at xhe mean inc.oraci.ion energy is 
■^/" ::.73r°kT (5) 
10 
whore r is the distance between the dipoles, k is Boltzmann's 
constant and T is the absolute temperature. The resulting force 
tends to make molecules adopt favorable orientations in relation 
to their neighbors. 
Finally, the temperature independent image forces come 
about when charges see an opposite image of themselves at twice 
the distance between the charge and the surface. If a charge q 
is in a medium with a dielectric constant  €, and is located a dis- 
tance d from a plane interface, with a medium of dielectric constant 
€p  , the effective image charge q is 
q - -q '  -      ? ±_ (6) 
e2 + €1 
Image forces can be important at any interface separating materials 
where there is a large difference in dielectric constants. 
The repulsive force which keeps atoms separated from each 
•ther is the Born repulsion force.  It comes about because'of 
the overlapping of filled electron shells and is effective only 
over very small distances. For two particles possessing spherically 
symmetric force fields of attraction and repulsion, the Lennard- 
12 Jones pair potential leads to an energy relationship of 
E = cyr12 - C2/r6 ,     (7) 
where C- and C2 and constants. The term -(^/r is due to the 
van der Waals forces and the term C^/r1 is due to the Born 
repulsion force. 
11      - e> 
Surface Energetics 
A given bulk material will have some combination of the various 
forces acting within its volume. At the surface or the interface 
between a material and some other material there will be an imbalance 
of forces. For example, consider a liquid-gas interface. The 
molecules in the surface region of the liquid are subject to 
attractive forces from adjacent molecules in the bulk of the liquid. 
This results in a net attraction into the bulk phase in the direction 
normal to the surface. The attraction tends to reduce the number of 
molecules in the surface region and results in an increase in inter- 
molecular distance. This extension requires work and returns work 
to the system upon release. The interface will reduce its surface 
area in order to minimze the work due to extension. The force in 
the interface between a liquid and gas phase or between a solid and 
gas phase that opposes an extension of the surface is called the 
surfaoe tension and is measured along a line. The analogous force 
between liquid phases or a liquid and solid phase is called the 
interfaoial tension. These tensions are generally considered to 
reside in the surface monolayer, although in some systems they have 
7 
been demonstrated to have contributions from second or third layers. 
In general, the Gibbs free energy for a material bounded by a 
surface is**e 
G = H - TS + G4 (8) 
where H is the enthalpy, T is the absolute temperature, S is the 
entropy and G^ is the contribution to the Gibbs free energy due to 
12 
the presence of surfaces. Consider an interface between two pure 
phases which is characterized by a surface tension y  expressed in 
terms of force per unit length. To increase the area of the inter- 
face, work must be expended by the system. This work is expressed 
by16 
AW = -ydA (9) 
where  AW is the increase in work, v is the surface or inter- 
facial tension and dA is the increase in the area of the interface. 
From the first law of thermodynamics 
dE =  AQ - AW (10) 
where dE is the increase in the intfmal energy of the system 
and   AQ is <the heat put into the system from the surroundings, 
For a reversible process 
AQ = TdS (11) 
where dS is the increase in entropy. Putting Eq. (11) into Eq. 
(10) 
dE = TdS + ydA (12) 
if the work done by the system is to increase the area of the 
interface. Since the enthalpy is equal to the internal energy 
plus the product of the pressure and volume, then 
dH = dE + PdV + VdP (13) 
therefore, at constant pressure and volume 
13 
v. 
dH =  dE (14) 
The Gibbs free energy contribution from the surface is given by 
dG  = dH - TdS - SdT (15) 
and substitution of Eqs. (12) and (14) into Eq. (15) produces 
dG,  =  TdS + rdA - TdS - SdT (16) 
At  constant   temperature 
dG rdA (17) 
■6 
and upon integration 
Gx  = yA (18) 
Equation (18) shows that the surface or interfacial tension mul- 
tiplied by the area of the interface is the contribution to the 
Gibbs free energy due to the surface as long as y is independent of 
the interfacial area.  Therefore, Eq. (8) can be rewritten as 
G =  H - TS + rA (19) 
With the other energy contributions in Eq. (19) held constant, 
a drop of liquid in contact with a solid substrate will take the 
shape that will lead to a minimization of the energy, due to surface 
tensions.  The energy yA consists of three contributions, as shown 
in Eq. (20) 
rA = r. A  + r A  + r .A . (20) 
'■Ig    l,g       'sg sg       'si s-L 
where  y_      is   the   liquid-gas   surface   tension,   y       is   the  solid- 
14 
gas surface tension, v     is the solid-liquid interfacial tension .. 
and A is the respective area of contact. 
i 
Young - Dupre Equation 
For the case of a liquid on a plane, homogeneous, non-deformable 
surface, minimization of the energy due to surface tensions leads to 
13 the Young-Dupre equation. The Young-Dupre equation, 
Yigc°se = Ysg - YsX (21) 
is based upon the summation,'6f the vector forces, in the plane of 
the solid, being equal to zero. Theta, 0, is the contact angle or 
the angle the edge of the liquid forms with the plane of the solid. 
Figure 1 shows this vector summation pictorially.  In Figure 1 
the forc8"'ctue' to y        opposes the forces due to y   B        and y » cos9. Sg SI xg 
IT 
The Young-Dupre equation can be rewritten in the fomr1-^ 
Yig     cose    =    ( Ys - rrQ)  - y^ (22) 
where rrQ is the equilibrium film pressure of the adsorbed vapor 
on the solid surface. For liquids in which the surface tension 
of the liquid is greater than that of the solid, the film pressure 
is zero because all theoretical and experimental evidence predicts 
that adsorption of a high energy material cannot reduce the surface 
7 
energy of a low energy material. 
The largest contact angle possible is 180°, as shown in 
Figure 2. This would correspond to the case where there is no 
interaction between the liquid and the solid. As the interaction 
15 
between the liquid and the solid increase the contact angle de- 
creases. The limiting case arises when the contact angle reaches 
zero or when the cosine of the contact angle is one. The Young- 
Dupre equation is applicable only when 
Y«£ - Y 
J 
si 
zg (23) 
When 
^sfr - Vsl 
Y
*g 
> 1 (24) 
the liquid spreads over the solid. 
It has been assumed in the foregoing that the free liquid 
surface takes the shape of a section of a sphere. Under the in- 
fluence of gravity, the curvature of the free liquid is no longer 
constant but is described by Laplace's equation: 
AP
 
=
 V"n~ + ~^~) (25) 
where  AP is the pressure difference across an element on the 
surface due to the effect of gravity and r, and r? are the principal 
17 
radii of ourtfature shown in Figure 3* Shuttleworth and Bailey 
have shown that the Young-Dupre equation still holds under the 
influence of gravity. 
For the reversible immersion of a thin plate hanging vertically 
in a liquid, the force on the plate can be related to the contact 
16 
angle.  As the plate is lowered a distance dD into the liquid, an 
increment of solid-liquid area,  AAg^ , is formed while an increment 
of solid-gas area,  AAg , is lost. If the immersion is reversible 
the change in the Gibbs free energy is given by 
dG = fdD (26) 
where f is the force on the plate. Equation 17 states that 
dG = YdA (17) 
however, now the net tension acting on the surface is the difference 
between the solid-gas surface tension, ys * an^ "the solid-liquid 
interfaoial tension, y  e      or 
dG
 - <Ysg -YsJ, )dAg, (27) 
Equating Eqs. (26) and (27) and rearranging, one finds 
Y  - v     =  
fdD (28) 
sg  Ysi      dAsX ^°; 
For a plate of perimeter p 
A   = pD + area of plate bottom (29) 
SJL 
where D is the total depth of immersion. Since the perimeter 
and area of plate bottom remain constant the derivative of Eq. 
(29) yields 
dAsZ      ■ pdD (30) 
Substitution of Eq. (30) into Eq. (28) leads to the equation 
17 
Equation 21 relates y   - Y_ 9   to the contact'angle, and one 
finds that 
Y. cose = ~ (32) 
xg p 
The weight of the liquid in the meniscus accounts for the force. . 
Real Surfaces 
Surface Tension 
Numerous techniques are available for measuring surface and 
interfac^al tensions. The simplest and most, direct is the DuNouy 
ring technique which measures the maximum pull on a completely 
wettable ring as it is. drawn through the surface or interface of 
interest. The ring is composed of a wire drawn into a circle with 
a hanger attached. Equation 32 
f -Yig «*• (32) 
can then be applied where f is the force measured and v refers to 
the surface or interfacial tension. 
Since the ring is completely wettable the cosine of theta is 
one and the resulting equation is 
Y =  . f (33) 
4 TT R 
where R is the mean radius of the ring and the four appears be- 
cause the ring has a surface on either side of the wire. The 
results obtained from Eq* (33) will vary from 3$too high to 30# 
18 
19 too low and oven more . The high values are commonly for surface 
tensions and the low values for interfacial tensions. In order 
to obtain the correct value of the tension a correction factor, F, 
based upon the shape of the surface upheld by the ring must be 
19 applied. The correction factor is 7 : 
F = 0.7250 +   A#&S£      + 0.4534 - -i|Z2E_ (34) 
V c (prpu' 
where f is the maximum pull on the ring, c is the circumference of 
the ring, fr*  is the density of the lower phase, p is the density 
of the upper phase, r is the radius of the wire, and R is the radius 
of the ring. Equation 3^- was empirically established through the 
work of Harkins and Jordan and found to be accurate to about 0.2^. 
It was .shown then that the empirical value of the correction factor 
corresponds to the value predicted by the shape of the liquid upheld 
20 by the ring . The surface or interfacial tension cart therefore be 
determined by the equation: 
v ^r^F (35> 
In measuring surface tension a number of factors must be taken 
into account. The purity of the liquid being measured and the use 
of a vessel to contain the liquid which is large enough to insure 
that any curvature of the free surface of the liquid would not be 
great enough to affect the shape of the liquid are among the most 
important of these. Other important factors which should be con- 
sidered are that the wire of the ring lies in a single plane, that 
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this plane is horizontal to the liquid surface, and that the ring 
is round. The surface of the liquid must be free of wave motion. 
Finally, there can be no motion of the ring except the controlled, 
slow upward motion necessary to make the ring pass through the point 
of maximum pull; and there can be no evaporation of the liquid and 
consequent cooling of the surface. 
Contact Angle Hysteresis 
In real systems instead of having one equilibrium contact angle 
a range of stable contact angles can be measured. Two relatively 
reproducible angles are the maximum and minimum, called the advancing 
and receding, contact angles, respectively. 
The difference between these angles is called the hysteresis : 
hysteresis = 9 - 9_ (36) 
A   K 
where 9 is the advancing contact angle and 9R is the receding contact 
angle. The advancing contact angle is so named because it corresponds 
to the case where the liquid in a given drop is Just about to ad- 
vance over a new area of the substrate and likewise the receding 
contact angle corresponds to the condition in which substrate pre- 
viously covered by the liquid is about to be exposed. The principal 
explanations of hysteresis are based upon penetration of the liquid 
into the solid, frictional forces, overturning of molecules on the 
surface, surface roughness, and heterogeneity of the surface. 
The earliest explanation of hysteresis was given by Edsler , 
who speculated that the difference between the advancing and receding 
angle is oaused by the penetration of the wetting liquid leaving the 
20 
surface more wettable. If this is the only cause of hysteresis in a 
particular system the advancing angle would be the same as the re- 
ceding angle when measured in an area that had formerly been covered 
by liquid. This was found to be true in the case of water on long- 
chain paraffinic films where the initial contact angle was 101 and 
the receding angle was 90° while the advancing angle for films formed 
by retraction of solid substrates through surface films formed on 
aqueous solutions was 90° . 
Adam and Jessop believed that hysteresis developed simply from 
21 frictional forces between the liquid on the surface and the surface , 
If F is the frictional force which just prevents motion, the Jfoung- 
Dupre equation (21) for the advancing contact angle becomes: 
■   Y      - Y   „    =    y9eT cos9.   + F (37) sg       J8Z *g A 
where F opposes motion as shown in Figure 4A. For the receding 
contact angle Eq. (21) becomes 
Ysg -Ya£    = Yig cos9R - F (38) 
where the sign of F is reversed because F always opposes motion as 
shown in Figure 4B. Adding Eqs. (37) and (38), one gets 
2(
 Y8g " Y8i) - yig  cos9A + yxg co89R (39) 
and insertion of the Young-Dupre equation back into Eq. (39) gives 
2 cose = cos9A ♦ eos9 (40) 
For angles claee to 90° the equilibrium contact angle can then be 
21 
approximated by 
n _ eA + eT (4i> 
2 * 
When a drop of water is placed on a flat surface and the surface 
tilted, as in Figure 5» it has been shown that when F is not exceeded 
the advancing and receding edges adjust to compensate for the effects 
of gravity. The actual balance of forces would require an:integration 
of all the forces on the drop but can be approximated by 
mg sin a = w y  (cos9* - cos9') (42) Jig K     A 
where mg sin a is the component of the force of gravity parallel to 
the surface, w is the width of the drop, 9J[ is the contact angle at 
the leading edge and 9' is the contact angle at the trailing edge. K 
From this relationship it can be seen that it is low hysteresis 
which gives liquid drops mobility on a solid surface rather than 
the contact angle of the liquid on the solid. 
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In working with water p>OES._eii_.Jbiydrocarbon films Langmuir 
concluded that another cause of hysteresis may be the reorien- 
tation of the molecules in the surface. For the system of oleic 
acid on glass the advancing contact angle was found to be charac- 
teristic of a hydrocarbon surface, while the receding angle was 
much smaller, fie concluded that the strong interaction with the 
drop of water may bring some of the active groups to the upper 
surface of the film, so the water spreads over the surface much 
more easily than over a paraffin, giving a much lower contact 
angle. Hysteresis in this system would come about because the 
22 
advancing edge is continually moving onto a surface 'having few 
hydrophylic groups, while the receding edge must peel back from 
a surface on which there are many hydrophylic groups produced by 
the orientation of some of the polar molecules. 
Surface roughness, mentioned in the introduction in relation 
to making surfaces wettable, is also a possible cause of hysteresis. 
Many studies of contact angles on rough and porous surface have 
9 17  23-25 ' 
been performed '  '    .  Roughness models assume that, even 
though on a macroscopic scale a range of contact angles is ob- 
served, on a microscopic scale the equilibrium contact angle is 
maintained.  If this is the case the true area, A, as given by 
"A = r A0 (43) 
where AQ- is the observed area,,and r, the ratio of the true area 
to the observed area, would have to be substituted into Eq. (20). 
17 The ."result would be Wenzel's  equation 
cos80 = r cos9 (44) 
where 9„ is the observed contact angle on a rough surface and 0 
is the equilibrium contact angle. 
This model does not take into account the possible metastable 
states of the system. Johnson and Dettre have devised a model which 
does take the metastable states that would be caused by the ir- 
regularities of the surface into account '.. '^'.  In their model 
of a rough surface shown in Figure 6, the following expression was 
obtained for the observed contact angle 9,-, 
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eQ = e + 6 (45) 
where 6 is the angle the surface makes with the horizontal at the 
point of contact. In this model there are only two possible positions 
a drop can maintain in each groove and still maintain a spherical 
*\ surface as shown in Figure 6. The maximum observable angle, 
9 max =9+6 max (46) 
and the minimum observable angle Would be 
9 min =9-6 max (47) 
where 6 max is the largest value 6 can attain. This model implies 
that in going from the advancing to the receding condition the 
periphery is moving on a microscopic scale and that the absolute 
maximum and minimum contact angles can only be measured with drops 
of a size determined by the value of 6 max. The model leads to a 
large number of metastable configurations, each metastable state 
is separated from an adjacent state by an energy barrier. From 
the model roughness would not be a serious cause of hysteresis for 
surfaces where the roughness was less than one-half micron. 
Surface heterogeneity is another possible cause of contact 
angle hysteresis. If instead of a surface being composed of material 
which has uniform surface energy, it consisted of patches of both 
high and low energy materials, a drop passing over the surface would 
be affected differently by the high and low energy areas. A model 
consisting of concentric circular regions of alternationg high and 
low intrinsic contact angle regions°  agreed qualitatively with 
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'experimental"observations for heterogeneous systems. This model 
predicted: 
1. Advancing angles are more reproducible on predominantly 
low-energy surfaces whereas receding angles are more 
reproducible on predominantly high-energy surfaces. 
2. Advancing contact angles alone are not a reliable 
measure of surface coverage because of the nonlinear 
manner in which the amount of Coverage affects the con- 
tact angles.  Advancing angles,.,p,n low energy surfaces 
are not changed extensively until 60 to 70'# coverage 
by the high energy material occurs. 
3. An advancing angle is a good_ measure of the wettability 
of the low-energy part of the surface and a receding 
angle is more characteristic of the high energy part. 
General Hysteresis" 
p £    op. 
Everett "*  has proposed that hysteresis can be studied in 
a general manner relating to all the separate fields in which it 
has been observed without a thorough knowledge of the cause in a 
particular situation. In an equilibrium process, if we traverse a 
path from A to B and then back from B to A sufficiently slowly the 
two paths can be made to pass arbitrarily close to one another as 
shown in Figure 7k. 
If this cannot be done and all the points on both paths cor- 
respond to stable reproducible values, then it can be said that 
hysteresis exists as shown in Figure 7B.    Hysteresis must be 
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segregated from supersaturation type phenomenon in which part of 
the process involves non-stationary values. An example of a 
super-Saturation process would be supercooling during the melting 
and freezing of a liquid shown in Figure 8. For this type of 
process the transition points are not readily duplicated. General 
hysteresis phenomenon can be viewed in terms of metastable in- 
dependent "domains" like those introduced by Ewing  in the classical 
theory of magnetic hysteresis in which the change in"" one domain 
does not spread to the whole system; but mutual interactions are 
not precluded. These domains lead to the existence of hysteresis 
loops which can be repeated indefinitely as an independent variable 
is cycled.  Domains.: also imply the existence of scanning curves 
which make,all points of the loop accessible. 
Studying Hysteresis 
In the case of hysteresis of contact angles, the dynamic wetting 
balance would be an appropriate means of studying hysteresis. If 
the force on a substrate which exhibits hysteresis is measured as 
the substrate is mov^d from a position with its lower edge right at 
the surface of a liquid down into the liquid, then partially with- 
drawn from the liquid and finally reinserted into the liquid a plot 
similar to Figure 9 might be obtained. When motion was begun, the 
system went from the initial starting point to the advancing con- 
dition (Figure 9> Part 1). While the system was in the advancing 
condition the advancing contact angle would be maintained at the 
solid-liquid-gas interface. After a certain depth was reached the 
substrate was stopped (Figure 9, Part 2) and then pulled from the 
26 
liquid; when this happened the interface underwent a transition 
from the advancing to receding condition (Figure 9> Part 3). Once 
the receding condition is reached the receding contact angle will 
be maintained at the solid-liquid-gas interface (Figure 9» Part *0 
until the direction of substrate movement is again reversed (Figure 9» 
Part 5) so that it is being dipped into the liquid. The system will 
then change from the receding to advancing condition (Figure 9» 
Part 6) and maintain the advancing condition (Figure 9> Part l) 
until-the system is again reversed(Figure 9> Part 2). If hysteresis, 
as defined by Everett's Criterion exists, this loop can be continued 
indefinitely. The buoyancy slope (Figure. 9» Part 7) is due to the 
weight of the liquid that the substrate displaces and the advancing 
(Figure 9» Part 1) and receding (Figure 9» Part M-)  conditions will 
be parallel to this slope. The advancing and receding conditions 
can be extrapolated to the point of zero depth (Figure 9» Parts 8 
and 9) with the use of the buoyancy correction slope, and the ad- 
vancing, 9 , and receding,~9R, contact angles can be calculated by 
Eq. (32) if the surface tension of the liquid is known.  If Everett's 
Criterion for hysteresis is met scanning curves (Figure 9> Parts 10 
and 11) can be obtained by altering the position where the substrate 
reverses direction. For the upper scanning curve (Figure 9> Part 10) 
the direction was reversed at point 12 and for the lower curve 
(Figure 9, Part 11) at point 13. 
If solid-liquid interaction is taking place the curve will not 
repeat over the old curve but will be displaced to the right or left 
and the advancing and receding conditions may not follow the buoyancy 
correction curve. 27 
When Eq. (32) is applied the effect of the shape of the 
liquid in the area of the oomers ia ignored. The precise geometry 
of the liquid around the corners should be taken into account. If, 
however, the length of the sample is many times its width the con- 
tribution of the corners to the total force can be made negligible. 
In the frictional, roughness, or heterogeneity views of con- 
tact angle hysteresis, contact angles can be viewed as a balance 
between vibrational forces in the liquid and the heights of free 
energy barriers. Penetration of the liquid into the solid would 
not be true hysteresis in the general sense because the loop 
would not be repeatable and scanning curves would not exist. 
For most static systems, liquid vibration is random and depends 
strongly on the environment in which the measurements are made. 
In dynamic systems, where measurements are made during induced 
movement of the three-phase boundary, the liquid vibration can 
be uniformly controlled and the system behaves as though less 
vibration were present. For this reason, advancing angles are 
often larger and receding angles smaller when measured dynamically 
then when measured statically. A controlled rate of motion is 
also useful in systems where some sortlof interaction between 
liquid and solid is taking place (as in the case of the penetration 
of the liquid into the solid). 
If the time it takes to measure the contact angle is close 
to the time it takes for interaction to occur, the contact angle 
will be changing during measurement. If, however, dynamic tech- 
niques are used, the rates can be adjusted so that the solid being 
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observed has always undergone the same smount of inter-action. 
Dynamic contact angles will therefore, be more reproducibile in 
this type of system.  
£in.t-£-ir t_A_nel e "Th\orr^&\m3jr^_J}^tnsm 
In real systems several questions arise in regard to the 
assumptions made in the thermodynamic development of contact 
ngles. -The thermodynamics of contact angles are based on the 
assumption that there is one equilibrium contact angle for a 
given liquid-solid system; however, since a range of contact angles 
exist, there is sone question as to the validity of this assumption. 
Careful examination of the models for hysteresis reveal that none 
of these preclude the existence of a single equilibrium contact 
angle.  Frietlonal, roughness, and heterogeneity models use the 
eouilibrium contact angle in their development. Penetration of 
the liquid into the solid and the reorientation of surface mole- 
cules also imply an equilibrium state. 
Using the stretching tension concept of surface tension 
for ci-ystalliiae surfaces, one would predict non-isotropic properties 
which is apparently contrary to observation p.     For a solid, surface 
free energies are of interest rather than surface tensions.  Surface 
energies are of interest because from a thermodynamic viewpoint one 
is dealing with replacing one type of surface with another. 
Although a general thermodynamic connection between the contact 
angle and the su^f--ce free energy of the pure solid has not been 
found, theories l;sed en specific molecular models have been suc- 
cessful in relating contact angles to surface properties. 
In order to m; ely a thermoavnamic ameroach to a solid-1 iouid- 
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gas interface the phases must be in equilibrium and most solids 
are incapable of adjusting to equilibrium configurations. 
Instead they have surface structures that are a frozen-in 
record of a past^history. Even though this surface non-equilibrium 
exists in the larger sense, solid surfaces can come to local equili- 
brium with molecules of an adjacent phase in terms of chemical and 
molecular interactions. The difference v  - Y   » called the 
sg  'sf ' 
adhesion tension, can thus be considered to arise from local in- 
teractions between molecules and equals Y „  cos9 in Eq. (21). 
XJ g 
Even though the status of the contact angle as a thermo- 
dynamic property in real systems may be clouded, it is an extremely 
useful measure when applied to specific molecular models.  Con- 
tact angles have been shown to have the correct functional re- 
lationships when used as a measure of surface interactions in 
30-41 
many systems   - . 
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EXPERIMENTAL PROCEDURE 
Equipment 
Dynamic Mea_sui;cmc-nts 
In order to perform the dynamic studies it was necessary to 
know both the position of the sample and the forces acting on the 
sample accurately.  It was alsd desirable to be able to control the 
position of the sample.  As no system was commercially available to 
perform these functions the decision was made to build a system. 
41 -4 4 
Systems* already in use were studied      and commercially 
available components were used as a starting point.  Figure 10 
shows the Dynamic Vertical Wetting Balance and Figure 11 shows a 
block ('-''agram of the interconni.ctions.  The numbers in the block 
diagram refer to: 
1. Cnhn R G Electrobalance - to provide continuous and 
accurate measurement of both positive and negative 
forces with a minimum of position variation due to 
the weighing mechanism. 
2. Rame-Hart Vertical Table - to move liquid up and down 
under accurate control. 
3. Hewlett Packard 7DCDT-1000 Transducer - to monitor the 
position of the liquid. 
4. Harshaw XC-11 Scan Controller - to control the position 
of the platform. 
5. Karshaw XC11M Motor Drive Unit - to drive the platform. 
6. Huston Model 2000 X-Y Recorder - to plot the force versus 
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position data. 
7. Fluke Model 4-250 A BCD Programmable Power Source and 
Model A4200 Manual Control Unit - to power the transducer. 
8. Harshaw NH-84A Power Supply - to provide power to the 
Scan Controller. 
9. Associated Connecting Apparatus - to interconnect the 
equipment. 
10. Additional Harshaw units were obtained to allow the 
position and force to be read into a computer if more 
complex data analysis was needed at a later date. 
The total capacity of the balance is 2.5 grams; full scale 
deflection (1.0 mv) can be obtained for weight ranges from 0.02 
milligrams to one gram. The platform driving motor uses 200 steps 
to complete one revolution. Each step of the motor corresponds to 
1/1000 of an inch of vertical platform travel. The platform can 
move one inch under accurate control and can be preset to reverse 
direction or stop at any point within this range. Under course 
control the platform can be moved as much as 12 inches with a jack 
screw provided at the rear of the platform. Platform speeds of 
1/8, l/**-, 1/2, 1, 2, bt  and 36 inches per minute can be obtained 
by moving the selector switch of the scan controller. 
Static Measurements 
For the static contact angle measurements a Zisman-type 
contact angle goniometer made by Rame-Hart (Mountain Lakes, N*JO 
as shown in Figure 12 was used. The magnification of the telescope 
was fifteen. The objective platform was equipped with an environmental 
32 
y 
chamber and tilting stage. A Polaroid camera was modified for 
use with the^telescope. 
Other Equipment } 
Amount of Colloid 
The amount of colloidal material on the substrates (as a 
metal) was determined by X-ray fluorescence using a GE X-ray 
spectrometer model XRD 6., 
Transmission Electron Microscope 
The transmission electron microscope photomicrographs used 
in this study were tkken with a Hitachi model HU11-A electron 
microscope. 
pH Meter 
The pH meter used in measuring the pH values in this study 
was made by Corning Glass Works and was a Model 101 Digital Electro- 
meter equipped with automatic temperature compensation probe. 
m 
Hotplate 
Since the characteristics of the hotplate used in heating and 
cooling solutions affect the final properties of the solution, all 
solutions were made on the same type of hotplate. The hotplate 
used was a Corning Model PC-351. 
Materials 
Dispersion Preparation 
All dispersions were prepared using deionized water treated with 
a carbon filter to remove organic material. The containers used 
were either glass or polyethylene, rinsed until the resistivity of the 
water in the container was greater than ten megaohms per centimeter. 
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Wetting Iron 
The wetting iron dispersions were prepared by adding one weight 
percent (3.7 X 10 M) of ferric chloride (FeCU * 6H 0) to one liter 
of water. Thirteen colloidal solutions were prepared as shown in 
Table I. Dispersions two through and including ten were prepared on 
the same day. All thirteen dispersions were air-cooled to room 
temperature. Figure 13 illustrates a typical heating and cooling 
curve for a colloidal solution heated to 60 C for forty minutes. 
Figures Ik  and 15 show pH versus time and pH versus temperature 
for the same dispersion. A pH meter having automatic temperature 
> ■■ 
compensation was used to obtain the pH measurements. The curve in 
Figure 15 appears to double back on itself; this is because time is 
increasing in the direction of the arrows. The top part of the 
curve corresponds to the dispersion being heated to 60 C while 
the bottom of the curves corresponds to cooling the colloidal 
solution. The difference between the top and bottom curves shows 
o 
that the pH has changed as the dispersion was heated to 60 C. 
Wetting Tin 
The wetting tin dispersions were prepared by adding one weight 
per cent (2.8 x 10 M) stannic chloride (Snd^ • 5H20) and three 
and one half weight per cent (0.16M) stannous chloride (SnGLg * 2H20) 
to deionized water in three stages: 
1. Add 1 weight per cent stannic chloride (SnCl. '• 5H20), 
2. Add 2 weight per cent stannous chloride (SnCl  * 2H20), 
3. Add 1-1/2 weight per cent stannous chloride (SnCL2 * 2H 0). 
3* 
This Is done at room temperature, with slow stirring, always waiting 
until the material is dissolved before proceeding to the next step. 
In preliminary experiments it was found that the time between addi- 
tions affected the initial wetting properties. A total of five 
wetting tin dispersions were prepared with the additions performed 
as shown in Table II. The colloidal diversions all underwent slow 
stirring as the additions took place. 
Wetting Thallium 
Two wetting thallium dispersions were prepared by adding one 
half weight per cent (1.7 x 10 M) of thallium perchlorate (TICIO^) 
to five hundred milliliters of deioniaed water. The wetting thallium 
colloidal solutions were of interest because their preparation in- 
volved no heating cycle and the addition of only a single component. 
This eliminated variations in behavior that were due to the time 
between additions of components and the extent to which the reaction 
+2 
of Sn  + 0 —> SnO? had taken place for the tin dispersions. 
When compared to the iron dispersions the wetting thallium eliminated 
the dependence on  the conditions of the heating and cooling cycle. 
w 
Polymeric Material 
The principal polymeric material used in this study was a 
fluorocarbon resin made by the duPont de Nemours, E.I. and Company, 
Plastics Department (Teflon FBP) consisting of tetrafluoroethylene- 
Ijexafluoropropylene copolymers which was melt-extruded. A roll of 
the fluorocarbon, two milli-inches thick and six inches in width, 
was purchased directly from the DuPont company to insure that it 
had not been handled or re-rolled. All samples were taken from 
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the saire roll to eliminate the preparation of the fluorocarbon as 
a variable. 
The other polymeric material used was a polyimide (Kapton-H 
film) also made by the du Font de Nemours Company,  The roll used 
>;as three milli-inches thick. 
Sample Preparation'' 
The first step in sample preparation was the selection of an 
appropriate cleaning technique for the fluorocarbon.  In preliminary 
experiments a number of cleaning solutions wore examined: dilute 
nitric acid, concentrated nitric acid, hot concentrated nitric acid, 
methanol, ethanol and trichloroethylene.  laminar flow deionized 
water and/or mothanol were used to rinse the camples and they 
were dried either with air or dry purified nitrogen.  It -was 
found that simply peeling three layers of the fluorocarbon from 
the roll and discarding them before preparing a sample compared 
jf 
favorably with the best of the other techniques.  This method 
also had an added advantage in that the thin two mil fluorocarbon 
was generally wrinkled in the handling that was necessary to process 
it through the solutions.  Final advantages of taking the fluorocarbon 
directly from the roll was that the variable of a possible pre- 
treatment affect was eliminated and the technique is also applicable 
to the polyimide material. 
Samples for Static j''easu.rem--nts 
The fluorocarbon samples used in the contact angle goniometer 
were treated as pi-r ces approximately four inches by six inches. 
After treatment the samples were rinsed for ono  minute in a laminar 
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flow deionised water bath and were dried with purified nitrogen gas. 
The pieces were then placed between sheets of three roil polyimide and 
cut into 1H x 3/8" strips for use in the goniometer holding fixture. 
The dimensions of the strips were not critical as long as they were 
small enough to fit into the fixture and sufficiently large to 
support a water drop without the drop being subjected to edge 
effects. The strips were cut with a paper cutter. The polyimide 
was used to protect the samples from contamination. In addition, 
since the polyimide was more rigid than the fluorocarbon, this 
allowed a clean edge to be cut without elongation of the fluorocarbon. 
Samples for Dynamic Studies and the Amount of Metal on the Surface 
All samples were taken from the same roll of fluorocarbon film. 
Large pieces of the film were then treated in the colloidal soloutions. 
The samples used in the dynamic studies and those used in determining 
the amount of metal on the surface were then taken from this piece 
of fluorocarbon. This was done by treating a piece of fluorocarbon 
film approximately three inches by four inches in the dispersion of 
interest for the desired time. The sample was then rinsed in a 
laminar flow deionized water bath and dried. The samples were cut 
to size on a large piece of fluorocarbon used as a cutting board. 
The cutting board was thoroughly washed with a laboratory detergent 
and rinsed in deionised water before each use. A strip of treated 
fluorocarbon 3/^" by 2" was cut from the center of the sample for 
use in dynamic studies. A special cutting tool with parallel blades 
three quarters of an inch apart was used to insure that the specimen 
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would have a constant width. Another sample 3/^" by 1-1/2" was 
taken from the remaining fluorocarbon film for use in the X-ray- 
spectrometer. The dimensions of this sample were not critical. 
The only requirement was that they be large enough to cover the 
window of the specimen holder and be small enough to fit into the 
holder. 
The sample used to measure the treatment effect of the wetting 
iron solution on the fluorocarbon with the wetting iron dispersion 
as the liquid was not prepared in this manner. This sample was 
placed between two sheets of three mil polyimide and cut to a size 
of 1" by 2" with a paper-cutter before treatment. 
Total Immersion 
To eliminate surface effects some samples were treated by 
"total immersion". This means that the samples were cut to a 
size small enough (approximately 3" by ^+") that they could be 
completely covered by the liquid. A hole was then cut in the top 
of the sample and a wire placedthrough the hole. Nichrome wire 
was used because it is non-reactive to the colloidal dispersions. 
The sample was then suspended"by the wire so that it was completely 
below the surface of the liquid but not touching the sides or 
bottom of the treatment vessel. 
Cleaning of Liquid Surface 
When it was desired to clean a collodial liquid surface, 
strips of clean teflon were cut to a size approximately 3" by 6". 
These strips were then laid upon the surface of the liquid and 
pulled across it. This process was repeated until the strips 
removed from the surface were clean and had very little of the 
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liquid adhering to them. 
Transmission Electron Microscope- 
Polyimide samples were used with the transmission electron 
microscope because they could be replicated directly whereas a 
reverse replica would have to be used with the fluorocarbon. The 
samples were shadowed with platinum at a 25° to 30 angle to the 
surface. A heavy carbon deposit -was evaporated on all samples 
normal to the surface to strengthen the replicas. The replicas 
were then removed using hydrazine and placed on grids to be photo- 
graphed. 
Methods 
Surface Tension 
Surface tensions were measured using the DuNouy ring technique 
which measures the maximum force exerted on a completely wettable 
ring drawn through the surface of the liquid.  In making the 
measurements, care was taken to avoid contamination of the liquid 
being measured, to see that the ring lies in a single plane 
horizontal to the liquid, to eliminate edge effects between the 
ring and the sides of the container, to avoid wave motion within 
the liquid, and finally to inhibit air circulation which would 
aid in the evaporation of the liquid and a subsequent cooling 
due to evaporation. The correction factor of Harkins and Jordan 
was calculated according to Eq, (33). This factor was then applied 
to the force as shown in Eq. (35)•  The experimental values were 
compared to the values given ilr\  the Handbook of Chemistry J. 
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Values were given in the handbook for temperatures which were both 
higher and lower than those at whioh the experiments were performed. 
A linear extrapolation of these values was used to determine the 
surface tensions at the temperatures at which experimental measure- 
ments were made. 
Wetting Time 
In a strict sense a liquid wets a solid whenever the equilib- 
rium contact angle is less than 180 ; however, this is always the 
case. Therefore, for practical purposes a liquid is said to wet— 
a solid whenever the equilibrium contact angle is less than 90°. 
In this discussion wetting is intended to refer to the case in 
which the receding contact angle is zero. Since the zero contact 
angle is an/elusive quantity, wetting times were defined in terms 
of the "water break" test.  "Water break" was considered to occur 
when a continuous film of the liquid was not maintained over the 
surface because the l$«iuid "beaded-up". In the following discussion 
a sample was considered wet if "water break" did not occur within 
10 seconds from the time the sample was removed from the liquid. 
Amount of Metal oH  Surface 
The amounts of iron on the fluorocarbon surface in the case 
of the wetting iron and of tin in the case of the wetting tin 
were measured with an X-ray secondary emission spectrometer. 
The spectrometer settings are given in Table III. The samples 
were placed in the sample holder which was then inserted in the 
spectrometer. The air was then pumped out of the machine by a 
vacuum pump and the total X-ray fluorescence counts at the given 
angle for a period of 100 seconds wpre r,i:.-;.:;un'd and recorded.  An un- 
troaied sample was measured in the...same manner.  The difference 
in counts between  the treated and untreated r, ample was taken as 
the relative amount of metal on the surface. 
Static Contact Angles 
Static contact angles were measured with a contact angle 
goniometer.  Uater drops were formed on the surfaces using a 
hypodermic needle and syringe.  I?or both the advancing and re- 
~ce'din-g--or"antact~  
in the drop while the angle was measured.  As illustrated by 
Figure 16, the presence of the needle in the drop of water had 
very little effect on the shape of the drop and therefore the 
Your.g-Dwpre equation (21) should be applicable,  leaving the 
needle in the drop allowed continuous monitoring of the contact 
angle as liquid was added to or taken from the drop.  Therefore, 
when the drop did advance or recede the reading observed on the 
goniometer corresponded to the advancing or receding condition.. 
In. this way the difficulty of having to add liquid to, or remove 
liquid from, the drop until just before the drop moved was ^imi- 
nated.  It also removed the oscillation of the drop that comes 
about when discrete drops are added to an <ww-i st'eg drop.  A 
sufficient number of measurements were taken in order to cal- 
culate the mean and standard deviation of the contact angles. 
Ceaaic Contact Angles 
D^rm.;-ic contact angles were obtained by using a liquid of 
previously determined surface tension, and measuring the forces 
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on a substrate being inserted into and withdrawn from the liquid. 
Equation (32) can then be used to calculate the cosine of the ad- 
vancing or receding contact angle. Sample sizes were chosen so 
that the forces involved would vary by less than one gram (this 
was the maximum range recommended by the manufacturer of the 
electrobalance). A typical sample was then placed on the balance 
and weight added to the counterbalance until the sample was 
balanced. The electrobalance was then calibrated for one gram 
additional._weight. Einally one-half. .gram was added to the pan.  
from which the sample was suspended. This allowed a - l/2 gram 
weight to be measured with the balance. Calibration was checked 
for each sample and minor adjustments made for differences in 
initial weights. 
A 600 ml beaker (about 8.4 cm in diameter) was filled with 
400 ml of liquid. The sine and depth were ample to insure the 
elimination of miniscus effects with the edge and the possibility 
of the sample touching bottom. The beaker was filled and rinsed 
at least twice between runs. 
Although the fluorocarbon film used was more dense than water 
it was necessary to use an anchor weight in order to keep the 
sample from floating due to surface tension effects. To attach 
the anchor to the sample a small hole was made in the sample 
about 1/4 inch from the bottom. The anchor was made of tantalum 
and connected with a nichrome wire so that there would be no 
reaction with the liquid in the beaker. The information used 
in calculating the contact angle was therefore taken from the 
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area beginning one-half inch from the bottom of the sample as 
» 
shown in Figure 17. In order to obtain the contact-angles after 
the electrobalance was calibrated, the following sequence of 
events must be observed. 
1. Align the bottom edge of the sample with the surface 
using the manual platform adjustment. 
2. With the scan controller, immerse the sample to a 
depth of one inch. 
~~3."~ Xs thei sample isbeing immerse^   
so that the sample will reverse direction one-half inch 
from the bottom of the sample whan it is being withdrawn. 
k.    When the platform returns to the top of its travel 
(depth of immersion one inch) one full cycle of the 
hysteresis loop and a part of the second cycle has 
been completed. This allows the operator to observe 
whether or not the liquid and solid have interacted. 
5. The operator can now extrapolate the information for the 
area of interest using a buoyancy correction curve cal- 
culated from the dimensions of the sample, as shown in 
Figure 9. 
6. These numbers must now be corrected for the effect of 
buoyancy on the anchor weight.  The actual weight of 
the anchor is unimportant because the calibration of 
the balance took this into account. The correction 
for the buoyancy of the anchor is found by weighing the 
anchor in air and then again in the liquid.  The difference 
*3 
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between the weight of the anchbr in air and in the 
liquid is the anchor correction factor and must be 
added to each reading. 
7. The perimeter can then be calculated from the dimensions 
of the sample and Eq, (32) applied. 
Mobility 
The mobility of the colloidal particles in a solution under 
the influence of an electric field is called the electrophoretic 
mobility. The electrophoretic mobility of a colloidal solution 
can be calculated by measuring the time it takes the colloidal 
particles to travel a certain distance in a given electric field 
under a microscope. For the electrophoretic mobility measurements 
given in this study, the time was measured on a timing system 
designed for 50 cycle current while 60 cycle current was used 
so that it was necessary to multiply the measured times by a 
factor of 5/6. The velocity of the particles, V, was then cal- 
culated by dividing the mean of the actual times into the distance 
the particles traveled in that time. The distance the particles 
traveled was 73.2 micrometers so that: 
y _   actual time  
;
   73.2 micrometers 
Then in order to calculate the electrophoretic mobility, the 
velocity must be divided by the potential gradient which was 
0.85 volts/cm. The electrophoretic mobility was measured in 
the units of centimeters squared per volt-second. 
RESULTS 
Surface_ Tensions 
In Table IV the maximum pull on a 6 cm De:Touy was measured at 
the temperature shown. The correction factor of Harkins and Jordan, 
Eq. (3^). Vj'as then calculated and from this, using Eq. (35) and the 
i;nxiimi(i pull on the ring, the surface tension was calculated.  The 
calculated value.was then compared with the1 value linearly extrapo- 
la ted from the literature  at the temperature _.of ._inte_res.t._..to...-giv-e- 
the per-cent variation. Along with hexane, glycerol, and deionized 
water, the surface tensions of a one week old and a three month old 
wetting iron dispersion wore measured. 
Klect-rop?ioij::tic Kobility_ 
The olectrophoretic mobility of three wotting'iron colloidal 
dispersions and a wetting tin dispersion were measured at 25 C and 
xfith a potential gradient of 0.85 volts/cm as shown in Table V. 
Iron Dispersion 1 was the colloidal dispersion used in the wetting 
experiments and wetting iron Dispersions 2 and 6 were prepared at 
60 and 6$  C on the same cay.  The wetting tin dispersion measured 
was reported by Connole  -snd was not from Table II. 
Wetting Iron _Ccmp_a_rison of Properties 
The properties of the nine iron di spersion.s erjparod on the 
same day (Dispersions 2-10) uero compared with those of Dispersion 
1 used in the wetting experiments. Table VT shows a comparison of 
nr C-.Or •operties among the dispersions pi spared at 60 C (Dispersions 2,3, 
4,8,9,10), those preps-red at 65°G (Dispersions 5,6,7),  and Dis- 
/ 
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persion 1 prepared three months earlier at approximately o0 G. 
The nine dispersions w?re -ore pared on the sa.ir.e day because 
colloidal dispersions prepared in the sa^e nanner on  different 
days exhibited different properties in teras of vetting times, 
color, and pH.  All the dispersions were purposely not prepared 
under a chemical hood because this was also believed to affect 
the properties of the colloidal dispersion.  The properties listed 
are pH, color, vetting tiue, and electrophoretic mobility.  The 
pH readings were all taken on the z?.v-.e  day to hold as !nany_ variables  
constant as possible.  The pH of Dispersion 1 was between those 
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of the 60 C dispersions and the 65 C dispersions, while the color 
was very close to that of the 60°C dispersion.  The wetting t:ur.e 
of Dispersion 1 is much less than either the 60 or 65  C dis- 
persions and the electrophoretic 'nobility of Dispersion 1 is less 
than the other colloidal dispersions. 
Table VII shoves a cor-.parison of vetting iron dispersions 
prepared under a variety of conditions.  The table compares the 
pH's and colors of the dispersions.  The order of the table is 
arranged so that the amount of heating of the dispersion de- 
creases as .one proceeds down the table. 
Although the pil readings for a given dispersion measured 
on different cays were fo'md to vary, the pK's of five wetting 
iron dispersions censured over a period of three r.onths always 
varied by jess than 0.1. 
V.rith this in. :Tiind, it is interesting tp note that upon 
heating the pH of the dispersion decreases and the color be- 
comes more opaque and finally the colloid flocculates to give 
a precipitate. 
Static Contact Angle Measurements 
The advancing and receding static contact angles of water 
on a fluorocarbon treated in wetting iron Dispersion 1 for 
varying lengths of time are shown in Table VIII and Figures 18 
and 19. Each point in Figures 18 and 19 represents the mean 
of between 24 and 41 contact angle measurements and the stan- 
dard deviation is plotted as the error bar. The colloidal dis- 
persion was slowly agitated as the samples were treated. In 
Figure 18 the advancing contact angle is plotted as a function 
of treatment time. There is considerable scatter in the data, 
and a variety of differently shaped curves could be drawn through 
the data. It is apparent, however, that there is a tendency 
for the advancing contact angle to decrease as the treatment 
time increases, which shows an increase in the apparent surface 
energy of the fluorocarbon, since the surface tension of the 
water is constant. 
The data in Figure 19 for the receding contact angles is 
plotted on a log scale because most of the change takes place 
in the first few minutes. The data are so scattered with such 
a large standard deviation for each point that it is difficult 
to say what type of curve should be drawn. Once again, as 
in the advancing case, the contact angles decrease with the 
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increasing treatment indicating that the surface energy of the 
fluorocarbon was increasing. It should be noted that the large 
standard deviation of the receding angle was not characteristic 
of a clean fluorocarbon surface for which the standard deviation 
was found to be only 1.6 degrees. In measuring the receding 
contact angles, numerous nonflnite angles were observed on sur- 
faces that were not wet. Receding contact angles were not 
measured on the last three samples because the mean receding 
contact angle was really determined by how many times the water- 
drop was moved over high energy areas of the surface where it 
seemed to stick to the surface and give a nonfinite angle. The 
probability of a drop traversing such an area was determined 
by how far the drop was moved; therefore, it was decided that 
the information gained by such a measurement was of little 
use. The wetting time of thedispersbn was used to represent 
the point where the mean receding contact angle should go to 
zero. 
Dyrauaic Measurements — Wetting Iron As Liquid 
Table II and Figures 20 and 21 show the dynamic contact 
angles of Dispersion 1 on a fluorocarbon treated in Dispersion 
1. The data points were obtained by periodically removing 
the sample from and inserting the sample into Dispersion 1 
at the fastest speed (36w per minute) available on the wetting 
U8 
balance. Figures 20 and 21 show that both the advancing and 
receding dynamic contact angles decreased as treatment time 
increased. This indicated an increase in the apparent sur- 
face energy of the fluorocarbon as did the static measurements. 
The forces were monitored continuously and plots were made 
each time the sample was removed. Figure 22 shows a series 
of the plots obtained* It should be noted that the hysteresis 
loop widens first and then narrows and finally closes when 
wetting is achieved. When the sample was run at 36" per minute, 
after two hours of treatment wetting was achieved for both 
o 
the advancing and receding conditions. However, 36" per 
minute was such a fast speed that drying could not take place 
and its effects could not be determined. When the sample was 
slowed to ®,1 inch per minute, after two hours of treatment 
the advancing angle was no longer nonfinite. At 0,1 inch 
per minute even a sample treated for 20 hours exhibited hyster- 
esis as seen in Figure 22, The upper area of the hysteresis 
loop represents the area where the meniscus of the liquid re- 
sided as treatment was taking place. This area corresponds 
to the top of the platform travel and corresponds to the top 
of the area of stable conditions in Figure 17. As this area 
was not being treated in the same manner as the other areas, 
the upper half centimeter of the data was ignored in making 
contact angle calculations, 
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The area where the meniscus resided is of interest because, 
as can be seen in the third part of Figure 22 and again in 
Figure 23, an apparent reversal of the hysteresis loop occurs. 
To attribute this reversal to a gearlash action in the plat- 
form would require a gearlash of twenty thousandths of an inch. 
The platform is driven by a screw attached directly to the 
motor and gravity holds the platform against the screw so that 
there should be virtually no ''play" between the platform and 
screw. A platform motion of 20 thousandths of an inch would 
Correspond to the motor turning 32.0 which amounts to 20 steps 
aad would be readily noticeable; hence this can be ruled out. 
The fact that this loop reversal can be repeated at different 
platform speeds and is repeatable when the platform direction 
is reversed within 0,25 centimeters of the top of travel, as 
shown in the top of Figure 23, eliminates inertial effects. 
Finally, the fact that, after very long treatment times this 
effect disappears, as shown in the last part of Figure 22, 
would indicate that it is due to the system being studied and 
not the equipment. 
In examinining Figure 20 it must be remembered that the 
advancing angles are not being measured on samples which were 
previously dry and for this reason cannot readily be compared 
to other advancing angle measurements. The information in 
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Figure 21 for the receding contact angles should be comparable 
to other receding contact angles since receding angles are always 
measured on a surface that has been previously covered by liquid. 
It must be remembered, however, that the wetting balance was run 
at the fastest speed and the liquid used was wetting iron. 
Although the iron dispersion has a surface tension very close to 
that of water, it differs in many important respects. It should 
also be noted in Table IX that when a sample, after 45 minutes 
of—treatment,was removed from and inserted into the liquid 
twice in a row, the advancing and receding contact angles de- 
creased by an amount greater than would have been predicted by 
the few seconds which elapsed between removals. 
When wetting iron dispersions were allowed to stand overnight, 
a film was observed on the surface which was generally removed 
by agitation of the dispersion. Some qualitative experiments 
were performed with these surface films and they were found to 
be capable of rendering a fluorocarbon wettable by simply dipping 
the fluorocarbon into the dispersion through this film several 
times. When carbon substrates were used to collect some of the 
surface film from a dispersion which was known to wet the fluoro- 
carbon in this manner and a transmission electron photomicrograph 
made, the picture revealed very few colloidal particles. 
Dynamic Measurements — Water As Liquid 
Table X and Figures 24 and 25 show the dynamic advancing and 
receding contact angles of water on surfaces treated with wetting 
iron Dispersion 1 for varying lengths of time. The samples were 
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treated by "total immersion" with the surface of the liquid being 
"cleaned" before the sample was inserted and before the sample was 
removed. The data for the advancing contact angle versus treatment 
time (Figure 2*0 were put into a curve fitting routine. According 
to the "F-Test" criterion, there was greater than a 99.9 percent 
probability that a function of the form 
Y = A • exp (BX) (48) 
was not the wrong relationship to use. The curve in Figure 24 
was fit by 
9A = K^K,, + exp(-t/T)] (49) 
where 9. is the advancing contact angle; K_ is a constant equal 
to 52, K is a constant equal to 1.21 and T is an arbitrary time 
constant as plotted in Figure 24. The product K • IG? corresponds 
to the contact angle that water will take on substrates which 
have been treated in the wetting iron dispersion for very long 
times and K, • (K~ + 1) is the initial advancing contact angle 
of water on the untreated fluorocarbon. In Figure 25 only two 
points were obtained between the clean fluorocarbon and the wet 
fluorocarbon. This was because the wetting condition for the 
receding contact angle was approached much more rapidly than the 
long time treatment value of the advancing condition. A possible 
explanation for this is offered in the discussion. In both 
Figures 24 and 25 the variation between the maximum and minimum 
advancing or receding contact angles is represented by the error 
bars. 
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When the static advancing and receding contact angles from 
Table VIII for 0 treatment time, or the untreated fluorocarbon 
-«.  
c 
are compared to the dynamic contact angles in Table X for water 
on the untreated fluorocarbon a discrepancy results. The static 
advancing contact angle is 110.3 and the static receding con- 
tact angle is 93.5 while the dynamic method results in an average 
o 
advancing angle of 116.7 and a minimum receding angle of 76.5 • 
The effect of the dynamic method producing higher advancing and 
lower-recedingContact angles than the static method for the same 
condition will also be discussed later. 
Amount 
Table X and Figure 26 show the amount of iron on the samples 
» 
used in the "Dynamic Measurements — Water As Liquid", as determined 
by X-ray fluorescence. The relative amounts were of primary 
interest and the results are given as counts of iron.  Calibration 
curves had previously shown that the amount of metal on a substrate 
was a linear function of the X-ray fluorescent counts. When these 
data were put into a curve fitting program, it was found that once 
again there was greater than a 99.9 percent probability a function 
like that in Equation 48 was not the wrong relationship to use. The 
function 
A = K [1 - exp(t/T)] (50) 
where A is the amount of iron in counts and K is a constant, 
3 
corresponding to the amount of iron on samples that have been 
treated for very long times, was used. Equation 50 was plotted 
in Figure 26 with T equal to seven hours, as was found for the 
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advancing contact angle. This curve did not fit the data, but 
when a time constant of 4.5 hours was used, a better match 
between the data and the curve was accomplished. 
Wetting Times 
Table XI shows the conditions under which the various samples 
used in contact angle determinations were treated. It is of 
interest that the wetting times for the same dispersion varied 
greatly under different conditions of treatment. The wetting 
times were observed in the same manner under the different con- 
ditions with the exception of the "Dynamic Measurements — Wetting 
Iron as Liquid" for which the "water break" method was used with 
wetting iron as the liquid.   
Surface Pictures: 
Figure 27 shows transmission electron photomicrographs of 
the iron colloid on a fluorocarbon surface. The picture on the 
left shows a partially treated surface while the one on the right 
shows a fully treated surface. 
Both surfaces were treated in an iron dispersion for which 
the exact details of preparation are unknown. The partially 
treated surface was treated until "water break" just occurred 
and the fully treated surface was left in the dispersion for 
several days. 
Thallium Perchlorate 
The results for thallium perchlorate are qualitative. 
Although they are not extensive, they present an important con- 
tribution to the understanding of "The Deposition of Wetting 
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Ifydrosols on Low Energy Surfaces". If the fluorocarbon is treated 
in a thallium perchlorate dispersion by total immersion, with 
I 
the surface cleaned before the sample is inserted into the liquid 
and before the sample is removed from the liquid, the sample its 
not wet after twenty-four hours. When, however, the sample was 
placed in the wetting thallium and treated in the same manner, 
with the only difference being that the solution was slowly stirred, 
the sample was wet in less than sixteen hours. Finally, it was 
found that the same wetting thallium solution could render a 
fluorocarbon film wettable in less than ten minutes when the 
sample was moved up and down through the surface of the liquid. 
Tin Colloid 
For the wetting tin there was no heating cycle so there were 
no results parallel to those of the wetting iron which related 
to the heating cycle. It was noted, however, that the time 
between the steps in preparing the wetting tin and the age of 
the wetting tin affected its wetting behavior on a fluorocarbon 
surfaoe. For this reason the method of preparation was carefully 
observed (Table II) and the wetting properties with regard to 
age were studied. 
Effect of Age on Wetting Time 
Table XII and Figure 2$ show the wetting time on a fluoro- 
carbon surfaoe versus age of solution for wetting tin solutions 
1, 2, and 3. All three solutions were prepared in the same manner 
as shown in Table II. Figure 28 shows that the wetting times 
decrease initially, reach some minimum between 20 and 25 days, 
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and then gradually increase. The error bars in the figure do 
not represent the actual variation in the measurements, but 
rather the manner in which the measurements were taken. Where 
long wetting times were involved, five minute increments of 
treatment ti»e were observed because one minute increments on 
the three solutions would require an inordinate amount of time 
for measurement, with shorter wetting times smaller treatment 
intervals were used. What the error bars really represent is 
the first reasonably narrow interval obtained for which none of 
the three solutions completely wet fluorocarbon samples at the 
bottom error bar and all of the three solutions completely wet 
fluorocarbon samples at the top error bar. 
Static Measurements 
When fluorocarbon surfaces were treated with wetting tin, it 
was observed that, after drying samples treated for less than 
the wetting time, shiny spots were present where previous water 
drops had been. These areas were found to be high in tin in com- 
parison', to other areas. They also had a much lower advancing 
contact angle than the rest of the sample and a nonfinite receding 
contact angle. 
Static contact angle measurements were found to be very 
erratic and yielded no useful information because they reflected 
a measure of how often drop residues were encountered rather than 
information about the surface. It was decided that an averaging 
technique such as dynamic contact angle measurements would give 
results which were far more indicative of the surface characteristics 
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of the treated fluorocarbon. 
Dynamic Measurements — Wetting Tin As The Liquid 
When a fluorocarbon sample was run with the wetting tin as 
the liquid of treatment, and also as the liquid whose contact 
angle was to be measured on the surface, the advancing and 
receding contact angles were found to be highly dependent on 
the speed at which the wetting balance was run. Figure 29 
shows a comparison between fluorocarbon samples being run in 
a wetting iron solution (left) and a wetting tin solution (right). 
The sample in the iron was run at a slower speed (0.1" per minute) 
than the sample in the wetting tin (0.4" per minute) so that a 
greater drying effect would be expected for the sample in the 
wetting iron solution. The lines on the far left in either case 
correspond to the initial advancing condition in which the 
clean fluorocarbon is being immersed in the solution of interest 
for the first time. The dotted lines correspond to" the change 
in force while the samples were being treated and the initial 
lines for the receding conditions correspond to a zero or non- 
finite contact angle showing that both samples were initially 
wet by the liquids.  It should be noted here that both samples 
were pulled out of and dipped back into the solutions twice. 
On the left the wetting iron repeated both the receding and advancing 
conditions so closely that only one curve was observed while on 
the right neither the receding nor the advancing conditions were 
repeated between runs. 
Further measurements were made to determine the cause of 
the change in the tin colloid treated samples. The phenomenon 
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of having the wetting condition present initially, followed by 
a nonwetting condition on subsequent runs was found to be dependent 
on the conditions present in the room on a given day. The effects 
of room conditions will be discussed in the "Discussion of Results - 
Atmosphere Effects" section. The effect on the total hysteresis 
loop at a given speed could be studied, however, because the ad- 
vancing angle was also dependent upon the length of time the 
sample remained out of the solution.  Since the advancing angle 
was finite at slow platform speeds, samples run on the same day 
at approximately the same time could be compared to each other. 
The conditions of ambient room light or dark, air or nitrogen 
atmosphere with variable humidity were changed in the gas above 
the liquid in which the sample resided when withdrawn from the 
liquid. Before each run the fluorocarbon was allowed sufficient 
time in the wetting tin (20 minutes) for the wetting condition 
to occur. Figure 30 shows the wetting curve with air, room light 
and room humidity present in the atmosphere above the liquid. 
Figure 31 represents the same conditions with the exception 
that now light was excluded from the wetting balance area. 
The small difference in the shapes of the curves between -0.1 
and 0,1 grams was no greater than for curves run under identical 
conditions. In Figure 32 light was excluded from the wetting 
balance area and the container was covered for approximately 
one hour so that the atmosphere above the liquid would be satur- 
ated with water vapor. For this case the hysteresis loop essen- 
tially closed indicating that the presence of water vapor affected 
the hysteresis loop change. Figure 33 shows the result of replacing 
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the air around the Substrate with nitrogen bubbled up through the 
liquid. This curve has a different starting point than the other 
curves because of the effect of the wave motion due to the nitrogen 
bubbles at the surface of the wetting tin. The curve in Figure 
33 exhibits very little hysteresis indicating that the presence 
of air may be a factor in the determination of the hysteresis 
loop. When a sample was run with dry nitrogen above the liquid 
the curve (not shown) was similar to Figures 30 and 31. It was 
found that hinnidity_._Jbta.d_±he- greatest -effeet-on-the—changev The  
presence of ail* had very little effect and the room light had 
no observable effect on the wetting balance results. 
Qynamic Measurements — Water As The Liquid 
Wetting tin dispersions 4- and 5 were prepared as shown in Table 
II and allowed to age for about two weeks, so that their wetting 
properties would not be changing rapidly as samples were run 
over a period of several days.  In regard to cleaning the surface, 
a surface film which could be observed visually took long enough 
to form so that a surface cleaned in the morning would have no 
visible film appearing on it eight or ten hours later. However, 
preliminary experiments indicated that, although.a surface film 
effect was not apparent in the measurement of wetting times, 
anomalies in the receding contact angle measurements could be 
eliminated if the samples were treated by total immersion with 
the surface being cleaned before insertion and before removal. 
Table XIII shows the advancing and receding dynamic contact 
angles of water and the amount of tin as X-ray fluorescent counts 
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on fluorocarbon samples treated for various lengths of time in 
wetting tin on several different days. Figure 34 shows the dy- 
namic advancing contact angles of water of fluorocarbon surfaces 
treated in tin Dispersion 4 for varying lengths of time when 
the solution was 14 days old. Figures 35 and 36 show the dynamic 
advancing contact angles of water on fluorocarbon surfaces treated 
in wetting tin Dispersions 4 and 5 for varying lengths of time 
when the Dispersions were 16 and 20 days old respectively. The 
upper bar in each figure represents the largest contact angle 
extrapolated from the advancing condition for a given treatment 
while the lower bar represents the smallest advancing contact 
angle for the same treatment. Figures 34 and 36 show a tendency 
for the advancing contact angle to approach some value between 
40 and 50 degrees for long treatment times, while Figures 35 and 
36 show that fluorocarbon samples prepared in different wetting 
tin dispersions on the same day in the same manner exhibit similar 
advancing contact angle versus treatment time behavior. All the 
samples in this section were run at the same wetting balance speed 
of 0.4 inches per minute. Figures 37 and 38 show the dynamic 
receding contact angles of water on a fluorocarbon treated in 
tin Dispersions 4 and 5 for various times when the Dispersions 
were 16 and 20 days old respectively. The top and bottom error 
bars correspond to the maximum and minimum contact anglestas 
extrapolated from the receding condition by the buoyancy correction 
slope. The figures illustrate the similarity between the receding 
contact angles of the fluorocarbon samples treated in different 
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dispersions on the same day for the same length of time. Figures 
37 and 38 also demonstrate differences in receding contaot angle 
behavior for fluorocarbon samples treated in the wetting tin dis- 
persions for the same lengths of time on different days. The wetting 
times of both dispersions on both days as measured by the "water break" 
test was approximately six minutes. The wetting time was vastly 
different; than the approximately twenty five minutes of treatment 
time necessary to give a sero contact angle when the dispersions 
were 16 days old and the ten minutes of treatment necessary to 
cause a zero contact angle when the dispersions were 20 days old. 
Delay Between Preparation and Testing 
In preliminary experiments it had been observed that samples 
which were allowed to stand overnight in glass or plastic petri 
dishes did not give the same contact angles as they had on the 
previous day. Because of this an effort was made to run all 
samples as soon after preparation as possible, and all samples 
involved in this experimentation were run within an hour of 
preparation. In order to determine whether or not the day-to-day 
contact angle variation could be attributed to the delay between 
sample preparation and measurement, advancing and receding contact 
angles for samples treated for fifteen minutes in Dispersion 4 were 
plotted against the amount of time elapsed before they were run 
on the wetting balance. The results are shown in Table XIV and 
Figure 39* Fifteen minutes was chosen as the treatment time be- 
cause it is between the ten minutes it took to achieve a aero 
receding contact angle with 20 day old dispersions and the twenty-five 
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minutes it took with 16 day old dispersions.  The .advancing 
angle showed a slight tendency to increase over the period of 
two hours delay and the receding contact angle remained non- 
finite. 
Amount 
Table XIII and Figures 40, 41, and 42 show the relative 
amounts of tin on fluorocarbon surfaces, as measured by X-ray 
fluorescence, versus treatment times in wetting tin dispersions. 
Figure 40 illustrates these results for samples treated in wetting 
tin Dispersion.'}- and dried with a stream of nitrogen gas.  Un- 
usually high counts of tin were found on samples treated for 
tiroes close to 6 Minutes, which was the wetting time of the dis- 
persion.   It was observed that these samples did not dry evenly, 
instead the water formed droplets which dried leaving silvery 
soots on  the fluorocarbon.  For the samples treated for a very 
short time, it was possible to blow most of the drops from the 
surface so that they did not dry leaving spots.  On the long time 
samples, the water drained to the bottom of the sa -pie leaving 
silvery lines on the bottom.  The bottom portions of all samples 
were discard:-! so thai chese silvery lines were not generally 
observed either as to contact angle or X-ray fluorescent counts. 
The samples in Figures 41 and '4-2 had the spots blotted off with 
clean filter paper and were air dried.  It should be noticed 
that the high counts of tin close to the wetting time of the 
solution have,/::;:en greatly reduced.  In Figure -41 an  X-ray 
fluorescent reading for the bottom of the fifteen minute sample 
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<r 
(where the silvery lines normally discarded were present) is 
shown and indicates an abnormally high tin count. 
Equation 50 is plotted on Figures 4-0, kl  and 42 with Ko, 
the saturation value, taken as 3000 and T, the time constant, 
taken as 5 minutes. The data (disregarding that taken from, 
the silvery spotted areas) fit the equation as well as they fit 
any other simple curve which could be drawn through the' points. 
Figure 43 shows the relationship between the counts of tin as 
given by X-ray fIngres^   — 
centimeter as taken from a secondary standard. 
Surface Pictures 
Pictures of surfaces treated in wetting tin solutions are    ~-^i 
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not presented because the colloidal tin particles are very small ' 
o 
in comparison to colloidal iron particles (approximately 100 A as 
.'om compared to 2000 A) and little information can be obtained frc 
them. 
Clean Fluorocarbon Dynamic 
As was seen in the theory section, if there is no interaction 
between the liquid and the solid, the advancing and receding con- 
ditions will both have the same slope as the buoyancy correction. 
Figure 44- shows the wetting balance results for deionized water 
on a piece of clean 2 mil fluorocarbon.  The left hand side of 
the figure corresponds to the initial advancing condition. The 
bottom part of the advancing condition corresponds to the area 
to which the anchor xjeight was attached, which accounts for the 
irregular shape of the curve there.  Lines are plotted whose slopes 
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correspond to the buoyancy correction on either side of the actual 
wetting balance curve. The top of the initial advancing curve can 
be seen to correspond well to the buoyancy slope. The right hand 
side of the curve corresponds to the receding condition and does 
not follow the buoyancy correction curve. The receding contact 
angle was taken to be a point just to the right of the knee of 
the receding condition for reasons which will be explained in the 
discussion. The center portion of the curve depicts the advancing 
condition after the simple has been immersed in water and does not 
exhibit the same slope as the buoyancy correction curve. If the 
substrate is immmersed and withdrawn from the solution, the re- 
ceding condition and the treated advancing condition (to the right 
"V     of the initial advancing) come very close to being repeated. 
£t 
DISCUSSION OF RESULTS 
Surface Tensions 
The surface tension measurements were used primarily to 
evaluate the wetting balance system. The surface tensions of 
the iron and tin dispersions were also used to calculate the con- 
tact angles from Sq. (32). The measured values of the surface 
tension were all within 2%  of those given in the literature in- 
dicating that the accuracy of the wetting balance is 2%,    The 
"dliTBT^Tic^-betweTr-l^ 
those given in the literature always occurred with the measured 
values being low. Measurements egp&rs  due to the wire of the 
ring not being in a single plane, the plane of the wire not being 
horizontal to the liquid, and the ring not being round would all 
make the measured values be lower than the theoretical values 
because the liquid surface would "tear" before the maximum force 
was reached. These adjustments to the ring had to be "eyeballed" 
because accurate control of them would require a system of jigs, 
a mirror, and tools which were not available. The fact that the 
variations were all in the expected direction of causes other than 
the equipment indicates that, while the accuracy of the wetting 
balance was 2$ in this experiment, the precision of the equipment 
is probably much better than this figure. 
Static and. Dynamic Comparison 
The fact that the advancing contact angle is higher and the 
receding angle lower for the dynamic method than for the static 
method is predicted by the theory (see 'Studying Hysteresis1 
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section). However, it is also possible that at least part of these 
differences arise from the assumption that if the sample is much 
longer than it is wide the corners can be neglected. It is pos- 
19 
sible that a correction factor like that Harkins and Jordan  used 
for the DuNouy ring is needed for rectangular samples. Such a 
correction factor is not necessary for comparison among dynamically- 
run samples of similar size where the densities of the phases 
involved are similar as was the case in this study. 
Wetting Iron Dispersion Properties 
Wetting iron- dispersion properties seemed to be affected by 
the temperature at which they were prepared, the time for which 
they were heated, the laboratory condition on the day upon which 
they were prepared, and the area in the laboratory in which prepar- 
ation took place. The dependence of the final properties upon 
the day of preparation and whether or not the solutions were pre- 
pared under a chemical hood would lead one to believe that what- 
ever chemical reaction was taking place in preparation was affected 
by the conditions at the surface of the dispersion during prepar- 
ation. From Table VI the pH of a wetting iron dispersion which 
wet in 10 hours was found to be between those of dispersions pre- 
o 
pared at 60 C (and took between 3 and 10 days to wet) and those 
prepared at 65 degrees (and did not wet in 30 days). Table VII 
shows that the final pH values decrease with increasing time and 
temperature of preparation. Therefore, one would expect a solution 
whose pH is between the values of two other solutions to have a 
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ti me-tomporature relationship between those other solutions if 
the environmental contribution to pH is negligable.  Since studying 
the environmental contributions is beyond the scope of this thesis, 
it can only be concluded that if the vetting properties are con- 
trolled by a pH range, this range is indeed very narrow.  The 
preparation of solutions with controlled wetting properties would 
require  extremely accurate control of the time-temperature cycle 
and also the conditions at the surface of the dispersion being 
prepared.  The fact that there seems to be a decrease in the electro- 
phoretic mobility for a dispersion with improved wetting properties 
(Table VI) may be of interest in future studies of wetting colloids. 
This property follows qualitatively (for the limited sampling 
studied) the wetting characteristics of the dispersions in that the 
dispersion with the longest wetting tine had the highest electro- 
pnoretic mobility while that with the lowest mobility had the 
shortest wetting time. 
Tnhomoaeneous Deposition 
In the data for the static receding contact angles of water 
on  a fluorooarbon treated in wetting iron (Figure 19) ;:nd also 
for static advancing contact angles irncer the same conditions 
(Figure IP), large standard deviations were observed for treated 
surfaces as compared to clean surfaces.  This effect could be ac- 
counted for by the uneven deposition of the colloid on  the surface 
r:suiting in an inbomogerw ous surface.  Electron photomicrographs, 
Figure 27, showed the colloid depositing unevenly on a scale on 
6? 
the order of micrometers. This effect was not as notiooablo for 
oontaot angles measured dynamically (Figures 20, 21, 24, 25). 
The probable reason for more scatter appearing In the static . 
measurements than the dynamic measurements was a combination of 
a treatment effect (such as the penetration of the liquid) and 
an averaging effect. The dynamic measurements lessened the 
treatment effect because, since the platform was run at a con- 
stant speed, the liquid at the interface had had the same amount 
..)rfA4SS--to_Jfcr_ea.t_±he_ solid-at-allpositionsaa tilscussed in iiie 
Theory Section. An averaging effect came into action because 
the perimeter of the dynamic sample was much greater than the 
small part of the perimeter of a liquid drop viewed through the 
contact angle goniometer. The differences in the areas observed 
would naturally lead to an averaging effect for the larger area. 
It was also noted in the experimental results that numerous non- 
finite oontaot angles were observed on surfaces that were not 
wet. This could be accounted for by the fact that the waterdrop 
would tend to "stick" on the high energy area of the lnhomogeneous 
surface, and hence receding contact angles will be more represen- 
tative of the high energy surface while the advancing angles will 
be representative of the low energy surface. 
Hysteresis LOOP Reversal for Iron Dispersion as Liquid Phase 
The hysteresis loop reversal for the wetting iron solution on 
a fluoroearbon treated in wetting iron as shown in Figures 22 and 
23 was interesting because it Implied that the advancing contact 
angle was smaller than the receding contact angle. From the very 
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nature of the manner in which the advancing and receding contact 
angles were defined (as the maximum and minimum contact angles, 
respectively) this result was not expected. A phenomenon which 
would give a similar result when viewed dynamically would be an 
autophobic system in which the liquid is capable of wetting the 
clean solid but does not wet the solid after it has been exposed 
to the liquid. In the wetting iron case, however, the wetting 
solution is known to make the surface more wettable. The treated 
surface is also more wettable after exposure to water than before, 
as was evidenced by the receding angles being smaller than the 
advancing angles (Figures ZH-  and 25). A possible explanation, 
which was supported by the fact that a surface film did form on 
the surface with time, was that the surface tension of the liquid 
which had been in contact with the air at the surface for awhile 
had a higher surface tension than the bulk liquid. As the sample 
was dipped into the liquid, the sample effectively pulled the high 
surface energy liquid down with it as illustrated in Figure ^5. 
When the sample was withdrawn, it moved liquid from the bulk up 
with it so that the sample was interacting with low surface tension 
liquid as shown in Figure 4-5. Remembering that what was really 
being measured in Figures 22 and 23 was a force corresponding to: 
f= p y .     cos 0 (32) 
it is readily seen that lowering the surface tension of the liquid 
has the same effect on the force measured as increasing the contact 
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angle for contact angles less than 90 . For contact angles greater 
o 
than 90 lowering the surface tension would affect the measured 
force in the same manner as a decreased contact angle. Since the 
loop reversal occurs on a treated surface the case for less than 
90 should be applied. 
Another possible explanation is that the surface energy of 
the treated substrate in the lowest energy configuration ijithin the 
liquid was lower than the surface energy of the substrate in the 
lowest energy configuration outside the liquid as illustrated in 
Figure 46. Once again the expression for the force (which was 
actually measured) 
f=p(Y  -Yso) (31) sg   £ 
should be examined.  The term (v  - v  ) would be greater for 
sg   sZ 
the advancing condition where the higher energy solid was coming 
into contact with the liquid than for the receding condition where 
the lower energy solid was contacting the liquid. This second 
explanation would seem more probable in view of the fact that 
this behavior was repeatable over a small distance (Figure 23). 
Moving over small distances would cause perturbations of the 
surface so that both low and high energy liquids would be mixed. 
More support for the second explanation comes from the fact that 
after long treatment of the fluorocarbon by the wetting iron this 
behavior disappears (Figure 22).  If the phenomenon of colloid 
deposition on the surface is viewed in a manner analogous to 
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crystal growth where the crystal grows In the direction of least 
order (thereby exposing the most ordered surfaces because they 
have the lowest surface energy) a mechanism for this change of 
surface energy behavior can be visualised. In the liquid the effect 
of gravity was modified by the action of the liquid on the colloidal 
particles; because of this, the lowest energy configuration may 
primarily have been dependent upon lowering the surface energy 
of the treated fluorocarbon surface. However, when the strip was 
jmt.._of the., liquid, the...lfflHLe^  
been more dependent on lowering the contribution due to the effects 
of gravity and a higher surface energy configuration may, in fact, 
have been a lower total energy configuration of the treated surface. 
This could be accomplished through a slight movement of the colloidal 
particle on the surface due to the force of gravity. This mechanism 
would also account for the short range consistency of the hysteresis 
loop reversal (long range when compared to the colloidal particle 
size). This mechanism is also supported by the fact that hysteresis 
loop reversal is lessened in samples treated for a very long time 
(Figure 22). In fluorocarbon samples treated for long times in 
wetting iron, the colloidal particles could be so closely packed 
that motion would be inhibited as demonstrated in the photomicro- 
graph of the satruated fluorocarbon surface (Figure 27). 
Contact Angle Related to Amount 
It can be noted that in general the contact angle decreased 
as the amount of iron on the surface increased (see liable X and 
Figures 24-26). If the advancing contact angle were a simple 
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function of the amount of iron on the surface, both the contact 
angle versus treatment time and the amount versus treatment time 
should have the same time constant. As can be seen in Figure 26 
this was not the case.  The adhesion tension, defined as v  - Y  » 
sg   Jsz' 
is the work required per unit area to separate the liquid and solid 
surface and can be seen to be equal to v  cos 9 in Young's equation 
(21).  If the adhesion tension were plotted instead of the contact 
angle, as a function of treatment time the relationship would be 
changed by an arc cosine factor. I/hen this was attempted to see 
IF the time constants would become the same with this modification, 
not only was it found that the time constants were not the same, 
but also that the adhesion tension did not fit a curve of the type 
expressed by Eq. (^-8).  It can be concluded, therefore, that neither 
the contact angle not the adhesion tension was demonstrated to 
bear a..simple relationship to the amount of iron on the surface. 
Wetting Tin 
The wetting characteristics of the tin solutions were observed 
to change with the age of the solution (Table XII and Figure 28). 
The wetting times decreased at first and later increased more slowly, 
In the wetting tin solutions tho distribution of particle sizes 
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was observed to increase with the age of the solution.   This 
along with the fact that initially wetting tin solutions were 
practically clear and after long times become an opaque, yellow 
color, with flocculation occurring, would lead one to believe that 
the colloidal particles were growing.  The effect of age on wetting 
behavior could, therefore,' be easily explained if there was some 
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optimum size of particles that deposited on the fluoroenrton surface. 
As they grow from their initial si'/.e (approximately 100 A  ), the 
particle distribution approached thr; optimum particle si^o, re-;ched 
> disi; r'\ but ion "'ith opt:- irr --VM. ting characteristics, ar." finally th-" 
particles_grew past thj." <-:>-■!.-imnm nir.e until flocculatiou occurred. 
Atmosoh ere Effects 
Thr- strong effect wi"0 ch thr-, ■•-'•tting lalancn jigoed gyrl on the 
advancing and receding contact angles of  a fluorocavbon sampl'• 
'■v-ivi^ tri--atf-:u in Idie wotting tin _j?.oJLutjLPJi.._.(Zii:.uiiGS 29-3X) -i-^-R--~4Vv^d  
'o fii;-•.■-•■!id on tie atmosphere present above the solution.  The gr'-•.•>t<-•:■;t 
effect, by far, Tvis caused by a low humidity atmosphere which seems 
to :: Vid:b;."tc i1 :.\'c   the cVrgo was caused by the drying, of the surface. 
The fact that the col!' et da.l tin tr-."';"';ed surface dries more rapidly 
than lh?< colloidal iron surface doesn't soevi unreasonable on the 
basis of the action of the metallic chlorides from vhich the dis- 
persions are prepared.  The ferric chloride,, from vhich the iron 
hydrosol was ma.de, is hygroscopic to the point of actually being 
deliquescent in a. high humidity atmosphere.  It would therefore seem 
reasonable that if the. colloid retains this property on the surface, 
the surfa.ee would be slow in dessicating.  Since the tin chlorides 
from which the tin hydrosols twere prepared were less hygroscopic, 
""this would account for the wetting tin treated surface dessicating 
to a greater extent than the iron treated surface.  However, the 
colloidal particles which deposit on the surface are hydrated 
metallic oxides and what is true of metallic chlorides is not 
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necessarily true of the hydrated metal oxides. The actual chemistry 
of the hydration is beyond the scope of this thesis and may be a 
useful topic for a further study. 
It should be noted that because the advancing and receding 
condition were not repeatable the first of Everett's criteria was 
violated. For this reason as well as others to be discussed the 
dynamic "Force vs Treatment Time" plots for fluorocarbons treated 
in wetting tin and using wetting tin as the liquid did not exhibit 
true hysteresis. 
The fact that more than simple drying is proceeding is demon- 
strated in Figure 29-B because even when the substrate is re- 
immersed in the solution it does not return to the wetting condition. 
Vftiatever phenomenon accounts for the behavior in Figure 29-B may 
also be responsible for the differences in receding contact angle 
behavior for samples prepared in the same solution on different days 
(Figures 37 and 38). The wetting time of the solution on both days 
was approximately 6 minutes and yet in both cases a zero receding 
contact angle was only achieved on samples treated for times much 
in excess of 6 minutes. In Figure 37 the wetting condition was 
obtained for the first time on samples treated for 25 minutes in 
the wetting tin and in Figure 38 the first time the wetting con- 
dition was noted was on a sample treated for 10 minutes. If the 
wettability properties of surfaces being rewet depend on some 
variable which in turn depends upon the conditions: in the.room-on 
a given day (such as dehydration effects), the receding contact 
7>* 
angle behavior noted above would follow. In preliminary experiments 
it was noted that samples stored overnight in petri dishes gave 
different oontaot angle Results the following day. At that time 
it was decided that contamination was the probable cause for this 
behavior and therefore an effort was made to run all samples soon 
after preparation. In the experiments with the wetting tin dis- 
persions all samples had been run within an hour after preparation. 
In order to determine whether or not the day to day variations could 
be attributed to contamination (due to the delay between the prep- 
aration and running of the samples); the advancing and receding con- 
tact angles were plotted at half-hour intervals for delays up to 
2 hours. Samples treated for fif teenyminutes were used because this 
time was between the 10 minutes of treatment it took to achieve a 
zero receding angle on one day and the 25/minutes it took on the 
others. Table XIV and Figure 39 eliminate contamination as the 
principal cause of contact angle changes. Over the two hour period 
very little contact angle change was observed. This supports, an 
explanation in which the properties of the rewet surface are. de- 
pendent on some variable controlled by the "conditions in the room 
such as humidity. 
Rinsing Effects 
Table XIII and Figures 4-0 and 41 show that unusually high 
counts of tin were found in certain areas of fluorocarbon samples 
treated in a wetting tin colloid. The samples were rinsed for at 
least 1 minute in a laminar flow bath (bath designed to eliminate 
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turbulent flow) of deionixed water.  The high tin count areas 
corresponded to places where an accumulation of the water drained 
from the samples was a]3owed to evaporate.  Plotting the water 
from the sample instead of allowing it to dry in place reduced 
the number of counts of tin found in these areas (Figures ^1 and. 
^-2).  All the samples were rinsed in flowing water in the same 
manner as the samples prepared with the wetting iron solutions; 
however, the iron colloid treated samples did not exhibit this 
behavior.  It is probable that there was some force acting to 
hold the colloidal tin near the surface of the fluorocarbon even 
though it was not affixed to the surface strongly enough to pre- 
vent the draining liquid from moving the particles.  The force 
had to act over a large distance which ruled out primary forces 
such as ivetallic or covalent.  Since the fluorocarbon was not 
ionic,   ionic bonds could be ruled out.  This would leave sec- 
ondary or van der Waals forces such as image, Keesom, Debye, or 
London dispersion forces.  Of these, image forces behave as elec- 
trostatic charges which have an energy dependence of l/r where 
r is the distance between charges.  The others have an energy 
dependence of l/r where N is 6 or greater, as shown in the theory 
section.  This would tend to eliminate them from consideration 
because they act over such short ranges.  However, since dispersion 
forces are additive, they can act over distances in excess of 100 
13 
angstroms ^ so they may nave contributed to the attraction.  There- 
fore, of the forces known to exist under the given circumstances it 
would seem prota.ble,a.h?t the forces acting on the tin colloid were 
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either linage forces or London dispersion forces or both. It 
should be realized from Figures 4l and 42 that blotting the 
waterdrops from the samples did not remove all of the colloidal 
tin which was not firmly adsorbed to the surface during treatment. 
The sample- could only be partially blotted and even after blotting 
there was still a film of water left on the surface which had to 
evaporate away.  Drying effects were probably a major contribution 
to the scatter in the data being greater for the amount of tin on 
flourocarbon surfaces versus treatment time (Figures 40-42) than 
it was for the amount of iron versus treatment time (Figure 26). 
Hysteresis — Dynamic Results, Wetting Colloids as Liquids 
One of Everett's criteria is that the hysteresis loops be 
repeatable as discussed in the theory section.  In the case of the 
dynamic results using either the iron or the tin colloids as the 
liquid, treatment progressed as the samples were tested and there- 
fore, the hysteresis loops constantly changed. Because of this 
treatment effect, Everett's criteria was violated and hysteresis 
did not exist.   
Another of Everett's criteria also discussed in the theory 
section was the fact that in hysteresis scanning curves must 
exist. The dynamic results for both the iron and tin colloids 
showed a dependence upon the platform speed. This dependence on 
platform speed indicated that the results obtained were affected 
by the length of time the sample remained out of the liquid.  The 
scanning curves we're therefore related to the position at which 
reversal of direction took place and not just the advancing and 
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either image forces ox* London dispersion forces or both. It 
should be realised from Figures 41 and 42 that blotting the 
waterdrops from the samples did not remove all of the colloidal 
tin which was not firmly adsorbed to the surface during treatment. 
The sample could only be partially blotted and even after blotting 
there was still a film of water left on the surface which had to 
evaporate away. Drying effects were probably a major contribution 
to the scatter in the data being greater for the amount of tin on 
flourocarbon surfaces versus treatment time (Figures 40-42) than 
it was for the amount of iron versus treatment time (Figure 26). 
Hysteresis — Dynamic Results. Wetting Colloids as Liquids 
One of Everett's criteria is that the hysteresis loops be 
repeatable as discussed in the theory section. In the case of the 
dynamic results using either the iron or the tin colloids as the 
liquid, treatment progressed as the samples were tested and there- 
fore, the hysteresis loops constantly changed. Because of this 
treatment effect, Everett's criteria was violated and hysteresis 
did not exist. 
x       Another of Everett's criteria also discussed in the theory 
section was the fact that in hysteresis scanning curves must 
exist. The dynamic results for both the iron and tin colloids 
showed a dependence gpon the platform speed. This dependence on 
platform speed indicated that the results obtained were affected 
by the length of time the sample remained out of the liquid. The 
scanning curves were therefore related to the position at which 
reversal of direction took place and not just the advancing and 
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receding conditions. This effect eliminated not only the dynamic 
results obtained with the wetting colloid as the liquid but also 
those results obtained using water as the liquid from being con- 
sidered as true hysteresis loops in the general sense. 
Hysteresis— Qynamic Results, Water As Liquid 
For fluorocarbon surfaces treated in the iron and tin colloids 
the initial advancing condition was different; than the advancing 
condition ,after the sample had been immersed in water. The change 
in behavior upon immersion caused the immersed sample to have a 
lower contact angle than the fresh sample in all cases. This type 
of behavior was predicted by the "penetration of liquid into the 
solid" and "overturning of molecules" explanations of hysteresis 
in the theory section. The "penetration" explanation would account 
for the decrease of the contact angle in that the water would see 
a surface containing more water after immersion making the surface 
more hydrophylic. In the "overturning of molecules" explanation the 
shift of the contact angles could be explained by the molecules 
initially overturning to make the surface more hydrophylic and then 
not having sufficient time to return to their initial positions. 
To look more closely at the "overturning of molecules" explanation 
in regard to the wetting colloid treated surfaces, the colloidal 
particles had to be viewed as the molecules discussed in the theory 
section. The symmetry of the colloidal particles made the "over- 
turning of the molecules" explanation seem unlikely. In order for 
the observed vastly different wetting properties to occur, the 
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particles would have to differ greatly about the surface of the 
particle and this is not the case. The apparent axial and end to 
end symmetry of the colloidal iron particles observed in electron 
photomicrographs would tend to indicate the lack of distinctly 
different regions on the particle surface. 
The initial advancing condition followed the buoyancy cor- 
rection slope because the dynamic method controlled the rate at 
which the surface was exposed to the liquid. In static contact 
angle measurements the rate of penetration of the liquid could 
not be controlled for the reasons given in the theory section 
entitled "General hysteresis." The presence of penetration effects 
and the lack of control on the rate of penetration in the advancing 
static measurements probably accounted for part of the large standard 
deviations found for these measurements. Penetration effects should 
have had a limited effect on the static receding conditions because 
the receding condition corresponded to a "fully penetrated" surface. 
The fact tnat the advancing condition for a previously immersed 
surface was different than the receding condition showed that pene- 
tration was not the only contribution to hysteresis. Some other 
contribution or combination of contributions had to be present. 
The exact nature of this contribution or these contributions could 
not be determined from the data obtained for this report. 
Clean Fluorocarbon 
Figure 44 shows that the initial advancing condition followed 
the buoyancy correction slope. Due to the apparent change in the 
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buoyancy correction slope, receding contact angle information 
was extrapolated from a position just to the right of the knee 
seen for the receding condition in Figure 44.  The assumption 
was made that this knee corresponded to the receding condition 
being achieved as it did in other hysteresis plots.  By then looking 
at the uppermost portion of the curve and applying the theoretical 
buoyancy correction curve the change in the observed value due to 
the anomalous buoyancy was minimized.  Other surfaces such as clean 
mylar were not found to exhibit this apparent change of the 
buoyancy correction slope. 
The change in the buoyancy slope could be explained by the 
penetration of the liquid into the solid.  As the fluorocarbon 
was immersed in the water, the water penetrated the fluorocarbon. 
Then when the fluorocarbon was removed from the water it weighed 
more due to the water which had soaked into it.  Finally, as the 
fluorocarbon and the water it contained were lowered into the water 
again the volume of water displaced corresponded to the volume of 
fluorocarbon and water previously withdrawn.  The displacement 
of equal volumes caused the receding buoyancy slope to correspond 
to the advancing buoyancy slope for a sample previously immersed 
in water. 
The contact angles extrapolated from the advancing and re- 
ceding conditions seemed to change very little due to the penetration 
of water into the solid when the anomalous slope was taken into 
account.  This observation was supported by the small standard 
deviations of 1.6 degrees for the static cases of both the advancing 
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and receding contact angles. The penetration of water into the 
surface would be expected to make the surface more hydrophylic 
from a consideration of the attractive forces between the water 
in the container and the water in the fluorocarbon. If the surface 
became more hydrophylic the advancing contact angle would be smaller 
for a drop advancing over an area previously exposed to water than 
it would be on a previously dry area. However, no differences 
in static advancing contact angles had been observed for these 
two types of surfaces for clean fluorocarbon samples. The lack 
of the expected change tended to make penetration an unlikely 
explanation for the anomalous behavior. 
Another possible explanation of the observed behavior would 
be that the water did not penetrate the fluorocarbon but rather 
remained attached to the surface of the fluorocarbon. This 
hypothesis was rejected because the surface appeared dry after 
removal from the water. A comparison between the slope of the 
observed receding condition and that of expected receding con- 
dition showed that it would take approximately 6 milligrams of 
water per square centimeter of surface area to account for the 
change in slopes. This would correspond to a layer 60 micrometers 
thick which should be visible. 
Physical entrapment of the water by pores of rugosities in 
the fluorocarbon were also eliminated as the cause of the anomalous 
behavior for two reasons. The first reason was the smoothness of 
the surfaces made the existence of pores unlikely, although figures 
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jort could not be put on the surface roughness because the fluorocarbc 
was deformed by mechanical measurement instruments such as a Tally- 
Surf.  The surface was observed to be extremely smooth. 
The other reason physical entrapment of the water seemed un- 
16 ^9 
likely came from the work of Cassie and Baxter. '   They showed 
that for a porous surface the contact angle should have increased 
as the size of the pores increased.  The increase of course no 
longer applied if the water could actually penetrate into the 
individual spaces.  Their work therefore indicated that the apparent 
contact angle should be greater for a porous surface than for a 
smooth surface.  Since fluorocarbon surfaces are hydrophobic to 
begin with this effect made the penetration of water into the 
fluorocarbon very unlikely. 
Due to the high dielectric strength of.. I'luorocarbons they 
could support large static charges.  Since the water used was of 
f 
a high purity it also had a high dielectric strength so the possibility 
of forces due to static charges between the water and i'luoro-    ? 
carbon existed.  r'=:asuremonts with a static measuring gun (3m 
Company, bodel ?03) on the fluorocarbon before and after immersion 
in water proved inconclusive.  The presence of forces due to static 
charges contributing to the anomalous behavior of a fluorocarbon 
in w:w';er was neither -confirmed nor denied in this study.  This 
aspect .may be a worthwhile topic for a further study. 
bTett~mig Colloids -General Con'tri but_iops _to_ 'ig^t/tjine 
Table XI shows the tires it took for the wetting iron dis- 
persion to wet a "1morocarbon under various conditions.  Since 
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the same dispersion was used in all cases the tremendous variation 
in wetting times was significant. The longest wetting time was 
achieved when the dispersion was not agitated and the sample was 
treated by total immersion. The wetting condition was obtained 
more rapidly by periodically moving the sample through the un- 
cleaned surface. Wetting was achieved most rapidly by agitating 
the dispersion along with moving the sample through the uncleaned 
surface. This leads to the hypothesis that length of immersion 
time, a surface film and/or interaction, and the agitation of the 
solution were all contributions to wetting. If the deposition 
phenomenon involves some activated step, agitation could be 
considered adjunct to immersion. In the activated step the 
portion of the particles having sufficient energy to overcome 
a barrier was increased by the energy imparted to the particles 
through agitation. A surface film contribution to wetting for 
iron colloidal dispersions was supported by observing the surface 
film, deposited on a carbon substrate, with the transmission 
electron microscope. The sample was taken from a dispersion 
whose surface film was capable of wetting a fluorocarbon strip 
by merely pushing the strip through the surface—several timea  
and withdrawing it.The photomicrograph obtained showed very 
few colloidal iron particles indicating that the film, which had 
been capable of wetting a fluorocarbon surface, contained very 
few colloidal iron particles. This would seem to indicate that 
wetting by the surface film was different than wetting by immersion 
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in which many colloidal particles were deposited on the surface. 
The study of the contents of the surface film may be a useful 
topic for further studies. 
The wetting thallium results supported the hypothesis of 
three contributions to wetting. If the fluorocarbon was moved 
back and forth through the surface it was wet in less than 10 
minutes while, if the sample was treated by total immersion with 
the surface cleaned, the sample was not wet in 24 hours. The con- 
tribution due to agitation was demonstrated by the fact that a 
sample treated by total immersion was wet within 16 hours when 
the solution was agitated. Although the wetting time for the 
tin dispersion was essentially the same whether the surface was 
cleaned or not, the scatter in receding contact angle data could 
be greatly reduced by cleaning the surface and treating by total 
immersion. The reduction of scatter seemed to have indicated 
the influence of a surface film and/or interaction for the tin 
system also. 
Wetting Colloids — Saturation Effect 
All plots and equations describing plots (Eqs. (4-9) and (50)) 
exhibited a saturation type behavior with the exception of the 
receding contact angle data. The saturation effect was shown by 
unique constant values being approached for long time treated 
samples in a given system. In the case of the receding contact 
angles the aero contact angle was approached in a manner such that 
at least a first derivative could be obtained at any point along 
the curve. Then when a sero contact angle was reached for the 
first time a cusp was found to exist. After the cusp the measured 
receding contact angle remained zero. This behavior did not 
necessarily preclude the existence of a unique saturation value 
of apparent surface energy, it simply indicated that the useful 
measurement range for the type of experiments performed had been 
exceeded. Going back to the Young-Dupre equation (21) and isolating 
the contact angle term^on the right side, the equation 
YSK " yst,  = cos e *  (51) 
\ 
cg 
Y
 U 
was obtained. It then became readily apparent that when y      - y 
was greater than the liquid surface tension the equation was 
meaningless.  Due to the unusual behavior of the curves when the 
zero contact angle was reached it seemed probable that the quantity 
Y8K - YSo did not stop at one.  It is possible, therefore, that 
Y 
quantity ^sg - Ygj   did approach some unique saturation value 
Yig 
characteristic of the system involved which could not be measured 
by the techniques used. 
Since the advancing condition and the amount of colloid on 
the surface did approach a unique saturation value for long time 
treated samples, it did not seem unreasonable to assume this 
same type of behavior for the receding condition. Support for 
the behavior of the receding condition paralleling the advancing 
condition came from the fact that all but two of the explanations of 
hysteresis mentioned in the theory seotion depend upon an equilibrium 
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contact angle.  The existence of an equilibrium contact angle 
for the system then implied the parallel behavior of the advancing 
and receding conditions in regard to saturation effects because the 
advancing and receding contact angles vary about the equilibrium 
angle as seen in the theory section.  The two explanations which 
did not depend directly upon the existence of an equilibrium 
contact angle for the system were the penetration of the liquid 
into the solid and surface inhomogeneity.  Cf these two the surface 
heterogeneity explanation relies on equilibrium contact angles 
for the different phases present which would also lead to a surface 
free energy saturation effect for a Surface completely composed 
of low or high energy material.  Since the advancing angle on 
a previously wet surface was not the same as the receding angle 
there had. to be some other contribution or contributions to hys- 
teresis besides penetration.  Since the effects of penetration 
could be subtracted from the total hysteresis (if they were known), 
the hysteresis remaining would then point toward a saturation 
effect of surface energy. • 
Wetting Colloids — f-'odel 
A model which encompassed all of  the effects observed was 
obtained by taking into account the fact that polyimide, fluoro- 
carbon, and other polymer substances are "soft."  "Soft" here is 
to be taken in the sense that on a Brinell hardness scale polymer 
solids were rated frorii 3 to 30 whereas free machining steels were 
around 300 and commonly used ceramics even higher.   Folyimides 
and fluorocarbons, not being rigid polymers, would be on the low end 
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of this scale. The colloidal particles consist of  hydrated metal 
oxides. Hardness information on colloidal particles was not 
available but assuming them to be more rigid than the polymers 
used did not seem unreasonable. \Jhen the Individual colloidal 
particles were considered instead of the whole colloidal dis- 
persion and the polymer was viewed as a viscous liquid, the 
particles could lower their surface energy by having the polymer 
adsorb to its surface.  This behavior would be expected by both 
the theory and experimental observations of solid and fluid 
13 
surfaces.   It has been shown by experiments on contact resistance 
that even the smoothest solids have projections greater than 
2 3 100 angstroms.   A time and particle size dependence followed 
immediately from the model proposed and the roughness of smooth 
surfaces.  In the theory section it was shown that dispersion 
forces are short range forces and have an inverse of distance 
to the sixth power energy relationship. This made dispersion 
forces much stronger at very short distances than they were at 
long distances.  It was known, however, that dispersion forces 
could act over distances of more than 1000 angstroms owing to 
13 
their additive nature.   What essentially happened when the 
colloidal particles were deposited on a polymer surface was : 
(1) The particles were attracted to the surface by London 
dispersion forces and/or image forces, and 
(2) The particles deformed the surface to gain intimate 
contact and adhere to the surface. 
• This accounted for the energy barrier behavior, since once the 
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particles deformed the polymer a certain amount, they would be 
able to achieve intimate contact and the London dispersion forces 
were increased. 
If the dispersion forces dominated the interaction instead 
of the image forces, the surface roughness could also account for 
the tin particles being held in the liquid near the surface while 
not being firmly deposited on the surface. 
The tin particles were believed to have size distrbutions .,.. 
ranging from around 10 angstroms to about 160 angstroms ' so 
their size was on the same order as the surface roughness and 
the distances over which the London dispersion forces were effective. 
Because dispersion forces could act over great distances in com- 
parison to the particle size, the particles were held near the sur- 
face without being deposited on it. In the case of the iron colloid, 
the particles were on the order of 2000 angstroms '  in length 
and therefore if they were not adsorbed to the surface, even 
mild rinsing would remove them. 
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CONCLUSIONS 
(1). The accuracy of the wetting balance was found to be within 
2 per cent while the precision of the equipment was probably better 
than this figure. 
(2). Iron dispersion wetting properties depend upon the time and 
temperature of preparation along with the conditions at the surface 
during preparation* If a pH range for wetting exists, this range 
is very narrow. 
(3). Colloidal iron deposits on the surface inhomogeneously. 
(4). When a wetting iron dispersion was used as the liquid phase, 
the observed advancing condition led to a contact angle smaller 
than that of the receding condition over a portion of the hysteresis 
loop. A possible explanation of this effect was offered, 
(5). Neither the contact angle nor the cosine of the contact angle 
bear a simple relationship to the amount of iron on the surface, 
(6). The wetting times for tin solutions decrease until some 
optimum is reached and then increase as the tin dispersion ages. 
(7). A low humidity atmosphere had a greater effect on the samples 
treated in a wetting tin dispersion than on samples treated in a 
wetting iron dispersion. The samples underwent more than a simple 
drying process because the initial conditions did not return upon 
revetting. 
(8)...., Samples treated in the wetting tin dispersion for times close 
to the wetting time of the solution were found to have colloidal 
tin held close to the surface whioh could be moved by the draining 
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liquid to form areas of high tin concentrations. 
(9). For treated surfaoes "penetration of the liquid" was a con- 
tribution to the large standard deviations found for statically 
run samples with water as the liquid. "Penetration" also con- 
tributed to the "shift" in the advancing contact angles for treated 
samples run dynamically with water as the liquid. 
(10). For clean fluorooarbon surfaces run with water as the liquid, 
an anomalous behavior was observed for the buoyancy correction 
slope which was not present for other surfaces such as mylar. 
This effect could not be attributed to penetration of the liquid, 
physical attachment of the liquid to the surface, or physical en- 
trapment of the liquid. Attempts to measure forces due to static 
charges proved inconclusive. 
(11). Immersion, agitation- and surface effects were found to 
contribute to the wetting times of various dispersions. 
(12). A saturation effect was demonstrated for advancing contact 
angles. A saturation effect for the receding contact angle cannot 
be discounted because of the apparent 'discontinuity' when the wetting 
condition is reached. 
(13). A.model was proposed which agreed with the observations and 
explained the incongruency of a low energy surface having a high 
energy 'liquid' adsorb on it. 
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TABLE I 
Preparation of Wetting Iron Dispersion* 
Dispergion 
1 
2 
3 
k 
5 
6 
7 
8 
9 
10 
11 
12 
13 
Temperature 
(°C) 
Time at Temp. 
(Min.) 
60 Uo 
60 ko 
60 ko 
60 ko 
65 ko 
65      ** ko 
65 ko 
60 ko 
60 ko 
60 ko 
70 - 80 ko 
60 0 
50 ko 
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TABLE III 
X-ray Spectrometer Settings 
X-ray target 
Tube current 
Anode potential 
Detector potential 
Angle 
Crystal 
MATERIAL 
Iron Tin 
Tungsten Chromium 
3U ma 3k  ma 
60 KV 60 KV 
1.63 KY 1.63 KV 
57-55° 65.15° 
Lithium 
Fluoride 
Graphite 
c 
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TABLE VI 
Comparison of Properties for 
Iron Hydrosol Used in Wetting Experiments 
With Other Iron Hydrosols 
60°C 
Dispersions 
65°C 
Dispersions Dispersions 1 
pH« 1.55 1.38 1.50 
Color Brown Milky "brown* 
precipitates 
Brown 
Wetting time Between 3 and 
10 days 
Greater than 
30 days 
10 hours 
Electrophoretic 
Mobility 
(cm2 10-M 
Volt sec 
5.9 + 0.8**    6.1 + 0.5 *## U.9 + 0.5 
Measured on same day. 
*# 
Measured for dispersion 2 
#*# 
Measured for dispersion 7 
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TABLE VII 
Comparison of Properties for 
Iron Hydrosols Prepared under Various Conditions 
Preparation J&. Color 
Held between 70°C and 
80°C for 1*0 minutes 
1.35 Milky brown, 
precipitates 
Held at 65°C for 
40 minutes 
1.38 Milky brown, 
precipitates 
Held at 6o°C for 
ho  minutes 
1.55 Brown opaque 
Heated to 60°C, then 
cooled 
1.65 Clear brown 
T'-- 
Heated to 50°C for 
Uo minutes 
1.75 Clear brown 
97 
mmmmim*ii*&:\-& ■■. 
•a 
3 
8 
-P 
CQ 
8 
•H 
•H 
> 
O 
vo 
o 
CO 
00 
o 
H 
o 
o 
CM 
o 
O 
CVJ 
o 
VO 
CO 
H o* 
H 
E3 
0) 
o 
CQ 
a 
O I 
o 
O H 
"     O 
CQ 
O 
CO  £ 
a 
o 
O   -H 
CO 
CO  -tf 
H    CO 
ftp +3 
CO 3 CO 
-P   &H 
o 
cd 
(3 
o 
cy 
o 
•H 
•p 
CQ 
•H 
CO 
CU 
£ 
01 
<M -p 
o a 
I* 8 CO a> £ £ 3 03 
is; cd 
£ 
■H 
CJ 
l 
-d a 
CO  43 
S TJ £3 
3 
co 
<IH   -p 
o a 
h s CO   CO 
bO w 
>H   CO •n U +5 
^   M t> 
•H « CO 
+J u CQ 
o 
ir\ 
oo 
ON 
H 
CM 
o 
o 
CO CVJ 
o 
vo 
CO 
o 
<M 
o 
H 
H 00 ON O o J- 
00 oo CM OO oo CM 
o 
VO 
O 
o 
o 
CM 
O 
0\ 
o 
ON 
o 
CM 
o o 
CM 
O 
00 
CM 
O 
ON 
vo 
o 
ON 
CO 
o o 
CO 
o 
H 
o 
a 
LTN 
H 
o 
00 
o 
CVI 
o 
vo 
o 
H H IfN O        C\ 
H 
00 
ON 
CM 
ON 8 00 ON VO ON t— 
00 
00 
o o o -=f o c— o 
o-i 00 oo CVI oo CVI 00 
LTN. 
s 
•ri 
CO 
CD 
m 
<2 
0 0 
•H 
-P 
bO 
d 
•H 
•p 
CVJ 00 LT\ O 
00 
O 
VO 
O 
T3 
CO 
3 
98 
■tiMMri&ra».4t>W«Kltt»tf Mi..-. - 
TABLE IX , 
Dynamic Contact Angles of Dispersion 1 on Fluorocarbon 
Treated in Dispersion 1 
Time 
(mln.) 
0 
10 
20 
U5A« 
U5B** 
60 
90 
105 
120 „ 
Maximum Minimum 
92.7° — 
85.2° 80.1+° 
78.3° 70.3° 
65.k° 55.7° 
61.3° 52. k° 
57-3° U0.3° 
50.2° 23.9° 
30.0° 9-3° 
0.0 0.0 
Maximum Minimum 
71*. 6° 71,1°# 
59., 9° 52.0° 
56.0° U2.60 
k8.k° 3U.0° 
1*6.8° 31.7° 
_>2,3° 18.7° 
31.1° 0.0 
18.7° 0.0 
0.0 0.0 
First run. 
#« 
Second run. 
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TABLE X 
Dynamic Contact Angle of Water on Fluorocarbon 
Treated in Dispersion 1* 
Treatment Number of 
Count8  (Fe) 
Advancing Rec« sding 
Time  far) Maximum Minimum Maximum Minimum 
0 0 118.6° lilt.9° — 76.5° 
3 39^ — — — — 
5 5336 — — — — 
5 5063 87.5° 86.5° 39-8° 38.6° 
7 6539 87.9* 1    8^6^ 35-9° 3it.l0 
15 6j0k 77-5° 7^.7° 0.0 0.0 
18 6618 69.7° 67.2° 0.0 0.0 
k3 6858 68.5° 65.5° 0.0 0.0 
94 7328 59.8° 58.1*° 0.0 0.0 
Wetting time 10 hours 
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TABLE XI 
Wetting Times  for Iron Dispersion 
Under Various   Conditions 
Test 
Static Measurements 
Dynamic Measurements, 
Wetting Iron as  Liquid 
Dynamic Measurements, 
Water as  Liquid 
Wetting 
Time 
kO min. 
120 min. 
Condition 
Surface  film not removed 
and agitation. 
Surface  film not  removed, 
no agitation, sample moved 
through surface periodi-  
cally. 
3.   Film removed, no agitation,    600 min. 
total immersion. 
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TABLE XII 
Wetting Time Versus Age 
For Wetting Tin Dispersions 1., 2 and 3 
Age 
(days) 
No Samples 
Wet Completely 
(minutes) 
All Samples 
Wet Completely 
(minutes) 
1 i25 30 
6 10 i 15 
15 7 ' 10 
19 5 7 
33 7 8 
60 20   .. , . 22 
75 30 35 
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TABLE XIII 
Dynamic  Contact Angles   of Water  on  a  2  Mil 
Fluorocarbon Treated With Wetting Tin 
for Varying Lengths   of  Time 
Treatment Number - 
Time of 
Counts 
Advancing Reced ing 
(min) Max. « Min. Max. Min. 
1/31/73 
Dispers ion 4 
0 0 118.6° 114.9° - 76.5 
4 1039 99.2 94.7 60.3° 51.4 
6 2153 104.9 101.3 54.5 49.8 
8 7638 75.5 65.1 9.2 0.0 
10 8378 68.0 .65.1 0.0 0.0 
15 2565 76.4 72.0 0.0 0.0 
65 2980 47.9 42.5 0.0 0.0 
960 3145 56.7 
2/2/73 
Dispersion 4 
51.4 0.0 0.0 
5 1848 103.6 99.4 66.0 58.4 
15 2466 99.2 82.8 44.8 23.2 
20 2700 80.8 77.0 26.6 16.6 
25 2 715 70.7 65.8 0.0 0.0 
30 3667 80.8 
Dispers ion 5 
65.9 0.0 0.0 
10 3073 103.2 
2/6/73 
Dispers ion 4 
97.0 59.4 51.2 
5 1991 101.5 93.3 57.2 40.6 
10 3670 87.3 82.2 0.0 0.0 
20 2745 73.2 
Dispersion 5 
64.9 0.0 0.0 
5 1495 103.0 98.6 70.4 37.2 
10 2418 78.3 73.0 0.0 0.0 
15 2804 83.2 78.5 0.0 0.0 
20 3825 73.6 71.2 0.0 0.0 
30 3430 59.6 50.6 0.0 0.0 
60 3131 44.2 . 41.8 0.0 0.0 
Bottom of 
15  min 
sample 9105 - - - - 
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Y> 
TABLE XIV 
Advancing and Receding Contact Angles Versus 
Time Elapsed Between Treatment  and Testing For 
Fluorocarbon Samples Treated 15 Minutes  in 
Wetting Tin Dispersion k on 2/13/73 
Delay Time Advancing Receding 
(min.) max. min. max. min. 
30 7^.5 68.0 0.0 0.0 
60 76.6 70.2 0.0 0.0 
90 ll.k 68.0 0.0 0.0 
120 79.3      '     .lh.5 0.0 0.0 
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SATURATED VAFOR 
SUBSTRATE 
Figure 1. Balance of forces at three phase interface. 
SATURATED VAPOR 
SUBSTRATE 
Figure 2.  Interface with no interaction, theta equals 180 
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Section B 
i'l^ure J. . ,-E-rlncipal - radii  of curvature  of r. .;;urine 
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VAPOR 
Figure 5. Advancing and receding contact angles on a tilted 
plate when the frictional force is not exceeded., 
The contact angles adjust to compensate the force 
of gravity. 
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Figure 8. Supercooling of a liquid upon freezing, an example of 
a supersaturation effect. 
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FORCE 
Figure 9*    Dynamic contact angle hysteresis, 
(1) Advancing condition 
(2) Direction reversal 
(3) Transition froa advancing to receding 
(k)   Receding condition 
(5^ Direction reversal 
(6) Transition from receding to advancing 
(7) Buoyancy correction slope 
(8) Extrapolated advancing condition 
(9) Extrapolated receding condition 
(10) Scanning curve to approach receding condition 
(11) Scanning curve to approach advancing condition 
(12) Advancing condition direction reversal 
(13) Receding coalition direction reversal 
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1.65 H 
1.60 1 
1.55 
TIME,  MINUTES 
Frgwre   14.     Typical  pH versus  time  curve   for wetting  iron 
dispersion heated  to  60°C,   held  for  40 min., 
then air  cooled. 
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Figure 15.  Typical pH.versus temperature curve Tor wetting iron 
dispersion heated to 60°C, held for ^4-0 man., then air 
cooled. 
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(A) ADVANCING 
Figure 16. 
(B) SECEDING 
# 
Waterdrop on fluorocarbon surface with 
needle left in drop. - (X15). 
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Figure 17. Typical wetting balance sample, 
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Dynamic contact angle hysteresis vs. treatment 
for the iron colloid on a fluorocarbon treated 
iron  dispersion   1. 
(A) Time   zero,   speed  36"/min. 
(B) Treated  for   10 min,   speed  36"/min.  - 
(C) Treated for   1.5 hrs.,   speed  36"/min. 
(D) Treated  for  20 hrs.,   speed   0.1"/min. 
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Figure 25• Dynamic receding contact angles of water on fluoro- 
carbon vs. treatment time in iron dispersion 1. 
Treated by total immersion. 
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Figure 30. Dynamic hysteresis of tin dispersion on a fluorocarbon 
treated in a tin dispersion when exposed to air, light 
and room humidity.  Platform speed .I^'/min. 
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Figure 32.  Dynamic hysteresis of tin dispersion on a fluoroearbon 
treated in a tin dispersion when exposed to air, no 
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